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a b s t r a c t

A passive sampler (Chemcatcher) consisting of a 47 mm EmporeTM chelating disk (CHE) with iminodi-
acetic groups as the receiving phase overlaid with a diffusion membrane was developed and calibrated
for the monitoring of Hg in water. Three different diffusion membranes including cellulose acetate (CA),
polyethersulphone (PS) and cellulose dialysis membrane (D) were tested. The best performance was
obtained with the CHE-PS tandem. The effective sampling rate of the device (Rs, L day−1) is defined
as the equivalent volume of water extracted per unit time, and is analyte specific and can be deter-
mined experimentally in a flow-through tank. Effects of water temperature and turbulence on the uptake
rate of Hg were assessed under controlled laboratory conditions. Sampling rates were in the range of
0.029–0.091 L day−1. An increase in sampling rate with turbulence was demonstrated. The detection limit
of the sampler obtained in flowing waters ranged between 2.2 and 2.9 ng L−1 Hg. The performance of
ontamination monitoring
Chemcatcher was tested alongside spot water sampling in a 14-day field deployment at two locations
on the Valdeazogues River, Almadén, Spain. In general, the Hg concentration estimated by the Chem-
catcher was lower than that found in spot water samples collected over the same period. This may be
explained by the behaviour of this sampler that measures only the labile fraction of Hg in water, and this
will exclude some species. However, Chemcatcher preconcentrates Hg allowing its determination in some
places where its concentration is below the detection limit of spot sampling.
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. Introduction

Mercury (Hg) metal and its organometallic compounds are
efined as priority pollutants by the European Union [1] and by
number of other countries throughout the world. The United

tates Environmental Protection Agency (EPA) has set the max-
mum allowed concentration of Hg as 2.4 �g L−1 for river water
2], and the World Health Organization has suggested maximum
llowable concentration of 1.0 �g L−1 total Hg (average monthly)
or inland surface waters [3]. Recently the European Union, within
he context of the Water Framework Directive (WFD) [1], has

et the environmental quality standards (EQS) for Hg in surface
aters between 0.05 and 0.07 �g L−1, and the chosen analytical
ethods should be able to detect down to 30% of this value (i.e.,

5–21 ng L−1 Hg). Gold and Hg mining activities [4,5] and waste Hg

∗ Corresponding author. Tel.: +34 91394 5146; fax: +34 91394 4329.
E-mail address: mmgomez@quim.ucm.es (M.M. Gómez-Gómez).
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ischarges [6] can contaminate the aquatic environment leading to
evels of Hg higher than those allowed by legislation.

The concentration of Hg in surface and coastal waters is usually
easured in bottle (spot) samples of water followed by laboratory

nalysis. This approach gives only a snapshot of the level of pol-
ution at the time of sampling. Where levels fluctuate (e.g., due
o tides, and effluent discharges), it is desirable to monitor over
onger time periods to be able to determine the time-weighted aver-
ge (TWA) water concentration. A number of different methods
an be used to calculate TWA concentrations including continu-
us monitoring [7], sediment analysis with back calculation to the
ater concentration [8], bio-monitoring [9,10] and passive sam-
ling [11,12], the latter being an emerging methodology. Most
esigns of passive sampler consist of a receiving phase with a high

ffinity for the pollutants of interest separated from the external
quatic environment by a thin diffusion membrane. In most cases,
ptake of analytes is controlled by Fickian diffusion [12]. Passive
amplers have several advantages over conventional water moni-
oring methods: (i) they enable the estimation of the TWA water



1 / Talan

c
s
r
t
b
g
a
l
i

a
f
e
m
i
c
c
t
h
c
g
l
r
e
H
a
m
p

s
c
f
t
q
a
a
h
a
m
d
m

o
[
m
w
a
p
p
t
o
i
w
o
w
d

2

2

Q
s

G
H
(
b
b
w
t
(

2

2

0
f
w
b
t
f
(
w
w

2

(
a
f
(
t
b
s

2

[
a
t
t
m
w
fi
r

2

V
w
c
s
w
s
n
t
w
m
o
s
3

484 R. Aguilar-Martínez et al.

oncentration of a compound over the deployment period, (ii) in
ome cases the amount of a chemical accumulated by the device
eflects the concentration of the freely dissolved and labile fraction
hat is assumed to be the most readily bioavailable; compounds
ound to suspended matter or dissolved organic carbon (DOC) are
enerally not accumulated [12], (iii) they can both preconcentrate
nd stabilise the sampled species until analysis and (iv) the ana-
ytes are effectively separated from the bulk water phase and matrix
nterferences are therefore minimised [13].

There is a number of different passive sampling systems avail-
ble for monitoring pollutants in water, with most being suited
or non-polar (log Kow greater than 4) compounds, and to a lesser
xtent heavy metals [14,15]. Some passive sampling devices for
onitoring Hg in air and water have been described. The passive

ntegrative Hg sampler (PIMS) measures Hg0 vapour in air and
onsists of a polyethylene tube filled with a HNO3/gold reagent
ombination as the receiving phase [16]. The diffusive gradient in
hin films (DGT) device was developed for monitoring a variety of
eavy metals [17]. The variant for Hg has two configurations: a spe-
ial Chelex-100 resin with iminodiacetic groups or a Spheron-Thiol
el as receiving phases; and an agarose-gel as the diffusive medium
ayer for both. The sampler has been used to measure labile Hg in
iver water [18,19]. The use of both receiving phases with differ-
nt capture efficiencies to Hg could be used to distinguish between
g complexes in water. The high Hg affinity of Spheron-thiol resin
llowed the accumulation of Hg bonded in very strong complexes,
eanwhile Chelex-100 measured only ionic Hg and weak com-

lexes.
Kingston et al. [20] and Persson et al. [21] developed a pas-

ive sampler, known as Chemcatcher, for the measurement of TWA
oncentrations of a range of organic compounds and metals in dif-
erent aquatic environments. The system is based on diffusion of
arget compounds through a specific membrane and their subse-
uent accumulation in an appropriate receiving phase consisting of
solid adsorbent material. Several designs of the Chemcatcher suit-
ble for sampling both polar and non-polar organic contaminants
ave been calibrated in the laboratory using flow-through tanks
nd trialled in a range of aquatic environments [20–22]. For heavy
etals (i.e. Cd, Cu, Ni, Pb, Zn) a 3 M Empore iminodiacetic Chelating

isk was used as the receiving phase and a cellulose acetate disk as
embrane.
A new configuration of Chemcatcher for monitoring Hg and

rganotin compounds in water was described in an earlier paper
23]. In this work the sorption of Hg in different diffusion

embranes and its effect on accumulation into receiving phase
as investigated. The new version of Chemcatcher comprises

n iminodiacetic Chelating disk (CHE) as receiving phase and a
olyethersulphone membrane (PS) as diffusion membrane. The
erformance of the CHE-PS sampler has been tested under con-
rolled conditions of temperature and turbulence to asses the effect
f these parameters on the uptake kinetics. The sampler was tested
n the Valdeazogues River (Almadén, Spain) in an area near the

orld’s largest Hg mine (not operational since May 2002). The range
f TWA water concentrations of Hg measured using the sampler
as compared with that measured in spot water samples taken
uring the trial in order to assess the utility of the device.

. Materials and methods
.1. Chemicals and reagents

Reagents were analytical grade or better purity. Ultrapure Milli-
water (Millipore, Ohio, USA) was used throughout. A standard

tock solution (1.0 g L−1 as Hg) of HgCl2 (Alfa Aesar, Karlsruhe,

t
T
u

U

ta 77 (2009) 1483–1489

ermany) was prepared by dissolving appropriate amounts in 1%
NO3 (65%, w/v Merck, Darmstadt, Germany). A stock solution

10 mg L−1) was prepared in 1% HNO3 and stored in amber glass
ottles at 4 ◦C in the dark. Working solutions were prepared daily
y appropriate dilution of the stock solution. A distilled HCl (37%,
/v, Scharlau, Barcelona, Spain) solution (0.24 mol L−1) was used as

he carrier for the inductively coupled plasma mass spectrometry
ICP-MS) analysis.

.2. Materials of construction and sampler design

.2.1. Receiving phase
Iminodiacetic Chelating EmporeTM disks (47 mm diameter,

.5 mm thickness) containing iminodiacetic groups (CHE) were
rom 3 M (Bioanalytical Europe, Neuss, Germany). The disks were
ashed with HCl (6 mol L−1, 20 mL) for 30 min in an ultrasonic
ath to remove any traces of Hg contamination. The disks were
hen placed in a vacuum manifold and washed with water (50 mL),
ollowed by HCl (3 mol L−1, 20 mL) and then rinsed with water
50 mL × 2). Finally ammonium acetate buffer (pH 5.3, 0.1 mol L−1)
as added (50 mL) and followed by water washes (20 mL × 3). Disks
ere stored in a Petri dish and kept damp until use.

.2.2. Diffusion membranes
All membranes were of 47 mm diameter. Polyethersulphone

PS) (Z-BindTM 0.2 �m pore size, 152 �m thickness) and cellulose
cetate (CA) (0.45 �m pore size, 152 �m thickness) were purchased
rom Pall Europe (Portsmouth, UK). Cellulose dialysis membrane
D) (3500 molecular mass cut-off) was from Spectra/PorTM (Spec-
rum Europe V, Breda, The Netherlands). Membranes were shown to
e free of Hg contamination and did not require a pre-conditioning
tep before use.

.2.3. ChemcatcherTM sampler
The ChemcatcherTM design has been showed elsewhere

20,23,24]. Sampler bodies that retain both the receiving phase
nd diffusion membrane were made of PTFE. For all configurations
ested, the diffusion membrane (47 mm diameter) was placed on
he top of the conditioned CHE receiving phase disk avoiding for-

ation of air bubbles between the two layers. Once the sampler
as assembled, the cavity in front of the diffusion membrane was
lled with water and then sealed until use by a PTFE cap and locking
ing. The PTFE was shown to be free of contamination by Hg.

.3. Flow-through exposure tank experiments

The flow-through exposure tank was similar to that described by
rana et al. [24]. It comprised a glass tank (31.5 cm × 38 cm × 40 cm)
ith an overflow to waste. For the uptake experiments low saline

ontent tap water was fed (30 mL min−1) into the tank using a peri-
taltic pump (Watson Marlow Model 323 E, Falmouth, UK) together
ith a separate solution of Hg fed (0.3 mL min−1) using second peri-

taltic pump (Minipuls Gilson, Villiers-le-Bel, France). A constant
ominal concentration (0.2 or 0.4 �g L−1 as Hg) of HgCl2 was main-
ained throughout. In order to keep homogeneous conditions the
ater was gently stirred (RZ1 overhead stirrer, Heidolph Instru-
ents GmbH & Co. KG, Schwabach, Germany). The system was

perated for a minimum of 48 h before sampler deployment to
tabilise the analyte concentration. A refrigeration unit (FRIGEDOR
001214, P Selecta, Barcelona, Spain) was used to control the water

emperature in the tank. Pre-cleaned PTFE tubing (i.d. 0.6 mm),
ygon tubing (i.d. 0.6 and 1.6 mm) and Omnifit connectors were
sed to connect the different components of the system.

A PTFE carousel (made at University of Portsmouth, Portsmouth,
K) similar to that described previously [23,24] was used to hold
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Table 1
Conditions used in the flow-through tank calibration experiments for the calculation
of uptake rates of Hg.

Calibration experiment no. 1 2 3 4 5
Water temperature (◦C) 4 4 11 11 11
Carousel rotation speed (min−1) 40 70 0 40 70
Estimated linear velocitya (cm s−1) 40 70 0 40 70
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a Linear velocity was calculated as 2�rf, where r is the radius between the centre
f the calibration carousel and the centre of the sampler and f is the rotation speed.

he samplers. The carousel comprised two horizontal turntables
nd a supporting rod that was connected to an overhead stirrer.
ach turntable held 7 samplers, and therefore 14 samplers could be
xposed simultaneously. Two different temperatures (4 and 11 ◦C)
nd three different levels of water turbulence were simulated in the
ptake studies. Stirring level 1 (SL1), corresponding to the samplers
laced at the bottom of the tank facing upwards, and the overhead
tirrer working as indicated above; SL2 with the samplers loaded in
he carrousel rotating at 40 rpm and SL3 with the carrousel rotating
t 70 rpm.

In order to determine the accumulation rate of Hg by the receiv-
ng disk under the different temperature and turbulence conditions,
4 samplers were placed in the flow-through tank with or with-
ut the carrousel for up to 14 days. Two or three replicates were
etrieved after 2, 5, 8, 11 and 14 days of exposure and the amount of
g accumulated in the receiving disks determined. Two samplers
ere used as fabrication blanks. Duplicate water samples were

aken daily from the outlet of the tank to measure the concentra-
ion of Hg during the exposure study. Water samples were analysed
irectly by ICP-MS. The exposure conditions are summarized in
able 1.

.4. Extraction of Hg from the diffusion and receiving phase and
nstrumental conditions

The Hg was extracted (10 min) from membranes and the receiv-
ng phases with two aliquots (10 mL) of HCl (12 mol L−1) in an
ltrasonic bath. Hg was measured by FI-ICP-MS (Model HP 4500,
gilent Technologies, Bracknell, UK) equipped with a Babington

ype nebulizer, a Fassel torch and a double-pass Scott-type spray
hamber cooled by a Peltier system. The ICP-MS was operated at a
ower of 1300 W with a carrier gas flow of 1.01 L min−1. The sam-
ling loop was 500 �L. Data were collected by monitoring specific
g ions at m/z = 200 and m/z = 202 with a 0.1 s integration time per

sotope.

.5. Field trial location and analysis of water samples and extracts

Two sampling sites were selected near to a known Hg contam-
nated site. The first station was close to the end of the Entredicho
g mine, in a section of the Valdeazogues river and the La Serena
am (location 1). The second site was about 15 km downstream of
he first site where Hg contamination was expected to be lower
location 2). Further information on the field locations is available
25,26]. Sampling was performed from 25th February to 11th March
006. Six samplers were deployed at each sampling site. A nylon

ine was used to suspend the samplers in a horizontal position,
0–40 cm below the water surface, with the diffusion membrane
acing downwards to minimize the settlement of silt and algae

olonisation. After 14 days, the samplers were retrieved, filled with
ater from the sampling site (to avoid the receiving phase drying
ut), sealed and kept refrigerated during transport to the laboratory.
he samplers were dismantled and the receiving phase stored at
18 ◦C until analysis. Two samplers were prepared as control blanks

o
e
1
f
r
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o assess Hg contamination from the sampler components, labora-
ory storage, processing and analytical procedures. Two samplers
ere prepared to act as field blanks to assess Hg contamination
uring transport (to and from the field) and during deployment
nd retrieval of the devices.

Three replicate spot water samples (1 L) were collected from
oth sites at the beginning (day 0), at day 7 and the end (day 14)
f the trial. Water samples were collected into pre-washed amber
lass bottles and 1 mL of concentrated HNO3 per litre of water
dded for stabilization of Hg. Samples were refrigerated during
ransport to the laboratory and stored at 4 ◦C until analysis. Water
H was measured in situ by a portable pH meter (Crison 507, Net

nterlab, Madrid, Spain). Samples were analysed directly by FI-ICP-
S without filtration. Fig. 1 presents an overview of the analytical

rotocol for calibration and field trial studies.

. Results and discussion

.1. Stability studies

The adsorption of Hg to glassware and into other materials is a
ocumented phenomena [19,27]. Exhaustive cleaning procedures
nd low affinity materials are necessary to minimize adsorption
nd memory effects. In this study these were reduced during
he analysis by using a flow injection ICP-MS system (FI-ICP-MS)
nstead of continuous nebulization. All tubing connections and
CP-MS glassware were cleaned between samples or standards by
njection of 3 mol L−1 HCl as a wash solution.

A check was made for the sorption of Hg on the PTFE sampler
ody. Fourteen Chemcatcher bodies (without diffusion membranes
r receiving phases) were placed at the bottom of the tank and
xposed for 24 and 48 h to 20 L of water with a fixed concentra-
ion (250 ng L−1) of Hg. The solution was stirred at 40 rpm by the
verhead stirrer. The concentration of Hg in water was periodically
hecked, and the sorption of Hg on PTFE sampler bodies was also
ssessed by their extraction with concentrated HCl acid in an ultra-
onic bath. After 24 h a 23% decrease in the Hg concentration in
he water was observed. After 48 h losses of Hg from the tank were
imilar, and the sorption of Hg on the PTFE bodies was equivalent
o 0.9% of the original nominal water concentration per sampler.
herefore, it is necessary to use an equilibration period of at least
8 h before each calibration experiment.

The stability of Hg in water samples stabilised with HNO3 (1 mL
er L of water), and stored at 4 ◦C in glass bottles was also checked.
o significant losses of Hg were observed after up to 14 days of

torage.

.2. Diffusion membrane materials selection

The diffusion membrane acts as a semipermeable barrier
etween the receiving phase and the aqueous medium [28]. Since

t is known that Hg has strong sorption properties, and could
dsorb to the diffusion membrane material before reaching the
eceiving phase, the degree of Hg binding to the different can-
idate membrane materials was evaluated. This was taken into
ccount in the selection of the definitive sampler configuration
or Hg. Three different commercially available membranes, cellu-
ose acetate, polyethersulphone and acetate dialysis, were tested
n combination with a chelating receiving phase. Three replicates

f each sampler configuration (CHE-diffusion membrane) were
xposed for 48 h at a fixed concentration of Hg (2 �g L−1), and at
1 ◦C and turbulence level SL1. After exposure, the Hg was extracted
rom both the receiving phase and the diffusion membrane. The
elative accumulation factor (AF) in both the diffusion membrane
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Fig. 1. Analytical protocol for

nd receiving phase is determined as the ratio of mass of analyte
ccumulated in the receiving phase or diffusion membrane dur-
ng deployment and the mass accumulated in the receiving phase
n the absence of a diffusion membrane (Fig. 2). These AF pro-
ide a measure of the effects of the diffusion membrane on uptake
y the receiving phase. These membranes varied in nature, pore
ize and thickness, and as expected Hg was bound to all of them
o different degrees. The membranes tested have a moderately
ydrophilic nature which favours the accumulation of ionic Hg,
ut some permeates through their structure allowing its accumu-

ation in the receiving phase. The observed AF values indicate that
ll of the candidates could potentially be used as diffusion mem-

ranes. However, the D membrane was discarded because is prone
o biodegradation in the field and provides the lowest accumulation
n the chelating disk.

ig. 2. Normalized accumulation factors (AF) after 48 h deployment for membranes
nd receiving phase with respect to the naked receiving phase (CHE) (AF = 1). Sam-
lers were deployed at the bottom of the calibration tank at a water temperature
f 11 ◦C and a turbulence level of SL1. Hg concentration 2 �g L−1 (n = 3). Key: CA:
ellulose acetate, PS: polyethersulphone, D: cellulose dialysis and CHE: chelating.
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ration and field trial studies.

Subsequently the accumulation of Hg by the configurations
HE-CA and CHE-PS was measured over a longer period of time
7 days) at 11 ◦C, SL1 and a Hg concentration of 4 �g L−1. Linear
ccumulation with time was observed for both samplers; however
he lag time (time necessary to saturate the diffusion membrane
ith analyte before its subsequent accumulation in the receiving
hase) was shorter for the CHE-PS configuration, and this was used

n all subsequent experiments.

.3. Sampler uptake rates of Hg in tank studies

Reviews of the principles governing the uptake of an analyte
y different designs of passive sampling device constructed from a
eceiving phase and a diffusion membrane, including the Chem-
atcher, have been published [27–31]. Briefly, the uptake of a
hemical into a sampler can be divided into three stages: linear,
urvilinear and finally equilibrium state. During initial deployment
ccumulation is approximately linear. At this stage, the mass of
nalyte in the receiving phase is directly proportional to the con-
entration to which the system has been exposed, deployment time
nd effective sampling rate (Rs); following the equation:

D = m0 + CWRst (1)

here mD = mass (ng) of target analyte accumulated in the receiving
hase, m0 = initial mass (ng) of the analyte in the receiving phase,
W = TWA analyte concentration in water (ng L−1), Rs = effective
ampling rate of the device (L day−1) and t = deployment time
days). Rs represents the equivalent volume of water cleared of
nalyte per unit of time and is analyte specific:

s = keKDWVD (2)
here ke is an overall exchange rate constant, KDW is the receiv-
ng phase-water distribution coefficient and VD is the volume of
he receiving phase. Rs can be determined experimentally using a
ow-through calibration tank at a fixed concentration of analyte
CW). After exposure the uptake curve is obtained as the amount
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Table 2
Calibration curve fits and estimated sampler uptake rate (Rs) for inorganic Hg at different combinations of water temperature and water turbulence in the flow-through tank.
Results are expressed as mean Rs (L day−1) ± coefficient of variation (n = 3). Two or three replicates were retrieved after 2, 5, 8, 11 and 14 days of exposure. SL1: samplers at
the bottom of the tank. SL2: samplers rotating at 40 rpm. SL3: samplers rotating at 70 rpm. Nominal Hg concentration was 0.4 �g L−1 for 4 ◦C and 0.2 �g L−1 for 11 ◦C.

Water temperature (◦C) Stirring level Slope (ng h−1) Regression coefficient (R2) Sampler uptake rate, Rs (L day−1)

4
SL2 1.69 0.99 0.080 ± 0.018
SL3 1.43 0.95 0.070 ± 0.016
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SL1 0.44
SL2 0.70
SL3 0.76

f analyte accumulated in the receiving phase versus the sampler
xposure time. Where the sampler operates within the linear region
f the calibration curve (up to approximately the half time to reach
quilibrium), Rs is calculated by dividing the slope of the calibration
urve by the aqueous analyte concentration during the exposure
eriod. Rs could be affected by environmental variables such as
ater temperature and turbulence.

In order to measure the effects of temperature and turbulence
n the performance of the CHE-PS Chemcatcher for the sampling
f Hg, samplers were deployed in the calibration tank for up to 14
ays at two water temperatures, three levels of turbulence (Table 1)
nd at a constant concentration (Cw) of Hg (0.2 or 0.4 �g L−1). After
xposure, the amount of analyte (mD) accumulated in the receiv-
ng phase was measured. Each calibration experiment yielded an
ptake curve from which the sampling rate (Rs) for Hg could be
alculated. Satisfactory linear regression fits of the Eq. (1) were
btained for most conditions tested. Table 2 summarizes the cal-
bration data for each of the five experiments and the calculated
ampling rates (Rs).

Linear uptake was observed over a deployment period of 14
ays at a relatively high concentration (0.2 or 0.4 �g L−1) of Hg in
he tank. This provides evidence that the sampler is operating in a
egion far from equilibrium. This is consistent with the high capac-
ty (about 45 mmol/disk of divalent metal) of the Empore chelating
isk, and its strong complexation with Hg. Additional experiments
data not shown) indicate that even after 30 days of deployment
he uptake was still linear.

The rate of uptake of Hg into the receiving phase, and there-
ore the Rs value obtained, is affected by two diffusion barriers: the
ater boundary layer (typically about 1 mm in stagnant conditions)

nd the membrane (ca. 0.15 mm thickness). In more turbulent con-
itions, the thickness of the boundary layer decreases (to about
.001–0.1 mm in fast flowing conditions) [28] which may have a
ignificant effect on sampling rate. These effects are evident under
he conditions of 11 ◦C and SL1 (i.e. static conditions) where a
ow value of Rs (0.029 L day−1) was obtained. Lag-time is another
mportant factor that affects the rate of uptake of analytes over the
eployment period, and will be particularly influential for short
eployments. This will increase with the thickness of the water
oundary layer. The lag-time effect is higher at lower water tem-
eratures, where no measurable uptake was achieved. At 11 ◦C
nd higher levels (SL2 and SL3) of turbulence the lag-phase was
onsidered smaller (less than 1 day). These results suggest that
ccumulation at low turbulence levels was mainly affected by dif-
usion through an aqueous boundary layer, and to a lesser extent
y diffusion across the PS membrane. The Rs values obtained
rom laboratory-based calibrations, except those using quiescent
onditions, should allow a reasonable estimation of TWA concen-

rations in flowing field waters. Values of Rs were in the range
.070–0.091 L day−1, and therefore the volume of water sampled
uring a typical 14-day field deployment would be 0.98–1.27 L. No
ignificant effects of temperature on uptake were found between 4
nd 11 ◦C, and similar behaviour would be expected to even at the

3

b

0.83 0.029 ± 0.009
0.94 0.084 ± 0.019
0.97 0.091 ± 0.020

lightly higher water temperatures found in river water in sum-
er.

.4. Quality control and method quantification limits

The application of appropriate quality control (QC) procedures
s mandatory for the use of any passive sampler. Appropriate
C samples should be prepared to quantify background levels in

he receiving phase, and possible contamination during transport,
eployment, retrieval, storage, processing and analysis. Apart from
he commonly used reagent and procedural blanks, two different
ypes of QC Chemcatchers are used: fabrication blanks and field
lanks. Fabrication blanks are prepared in parallel to samplers for
eployment and are kept refrigerated and filled with deionised
ater in the laboratory during the sampling campaign. Field blanks

re samplers that account for contamination during transport to
nd from each sampling location. They are transported under the
ame conditions as deployed samplers and are exposed to ambient
ir during both deployment and retrieval. During the whole sam-
ling period these samplers are kept refrigerated and filled with
eionised water. Another factor to be considered is the number of
amplers deployed, and the number of blanks to be used at each
eld location. The number of samplers used will depend on the
equired confidence level for the data obtained. It is generally rec-
mmended that 2–3 field and laboratory blanks and 4–6 exposure
hemcatcher samplers are used at each location. The difference

n concentration between replicates was usually less than 10% for
C blanks and less than 20% for exposure samplers. Another fac-

or that contributes to the overall uncertainty of the method is the
eliability of the estimates of Hg concentration in the water of the
alibration tank during the 14 days exposures. The variability of the
easured concentration over the duration of the experiments was

n the range 10–20%.
The quantification limit depends on the sampling rate, the expo-

ure period and the detection limit of the analytical technique. The
verall method detection limit (MDL), was calculated as the mini-
um aqueous concentration (Cw) of Hg detectable by the sampler

fter a typical 14-day field exposure. This was calculated by sub-
tituting into Eq. (1) the FI-ICP-MS instrumental detection limit
or a blank sampler (calculated as three times the standard devi-
tion based on 10 replicates) in the mass accumulated (mD) term,
nd using the different uptake rates (Rs) (Table 2). The MDL ranged
etween 2.2 and 2.9 ng L−1 (as Hg) at the two water temperatures
nd at medium (SL2) and high (SL3) water turbulences tested.
he method quantification limit (MQL) ranged between 7.3 and
.7 ng L−1 (as Hg). These concentrations are low enough to enable
onitoring levels of Hg by the developed passive sampler in most

ontaminated aquatic environments.
.5. Field trial at Valdeazogues River, Almadén, Spain

A field study at the Valdeazogues River (Almadén, Spain)
etween 1974 and 1977 showed that the concentration of Hg
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Table 3
Concentration of Hg in spot water samples (n = 3) collected from the Valdeazogues
River at location 1 during the field deployment of the passive sampling devices.
S.D. = standard deviation.

Time (day) Concentration
of Hg (ng L−1)

Mean concentration of
Hg ± S.D. (ng L−1)

0
909

883
± 27

856
884

7
421

454
± 41
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labile fractions of metals that are able to diffuse across the diffu-
sion layers. As for DGT, the Chemcatcher sequestration capability
should allow an in situ fractionation of Hg species by the application
of different membranes varying in pore size.

Table 4
Mass of Hg accumulated in the 47 mm Empore chelating receiving phase of the
Chemcatcher at the two sampling sites on the Valdeazogues River after the 14-day
trial and the calculated TWA concentration. The TWA concentration (Cw) of Hg was
calculated using the Rs interval of 0.084–0.091 L day−1 (water temperature 11 ◦C, and
water turbulence levels SL2 and SL3).

Sampler number Location 1 (ng disk−1) Location 2 (ng disk−1)

Field blank ± S.D. (n = 3)a 28.4 ± 2.3 26.4 ± 0.9
1 102.2 50.1
2 180.5 40.0
3 125.2 43.3
4 147.1 30.2
5 137.3 33.5
14
64

60
± 4

56
60

n unfiltered water samples ranged between 1.64 and 3.0 �g L−1.
wenty years later (1995–1997), a study performed at similar sam-
ling points showed that the water concentration had decreased
<0.11–1.13 �g L−1) [5]. The latter level is below the maximum
n-stream concentration (2.4 �g L−1 Hg) allowed by the US Environ-

ental Protection Agency [2] and similar to the average monthly
aximum allowable concentration (1.0 �g L−1 total Hg) for inland

urface waters [3]. It has been reported that the river sedi-
ents in this area contain high concentrations of Hg (typically

.01–0.05 �g g−1), being about one order of magnitude higher than
hose commonly considered as representative of global background
evels [26,32]. Monitoring data also show a quite serious pollu-
ion problem with phosphate, nitrate and ammonium with values
p to 5.9, 1.42 and 12.0 mg L−1, respectively. This area was there-
ore deemed as a suitable site to evaluate the field performance
f the newly developed variant of the Chemcatcher passive sam-
ler.

Two field sites along the Valdeazogues River were selected for
he 2-week deployment of the samplers. Spot water samples and

easured parameters were taken at days: 0, 7 and 14 of the trial.
he water temperature was 10, 9.5 and 12 ◦C at both sites and water
H was 6.9, 6.5 and 6.3 at the first sampling point and 7.6, 7.2 and
.0 at the second during the trial. At both locations biofouling of the
iffusion membrane of the samplers was minimal; however, some
eposition of silt was observed on the diffusion surface on retrieval
f the devices.

Concentrations of total Hg found in spot water samples collected
n the section between the Valdeazogues river and the La Serena
am (location 1) are shown in Table 3. The concentration of total
g in unfiltered water samples collected 15 km downstream of the
bove location (location 2) was, as expected, much lower, being
elow the analytical detection limit (<1.2 ng L−1). The levels found
t location 1 (883–60 ng L−1) are in agreement with other data for
he river in the same season and with similar water flows [5]. The
ifferences in concentration (more than one order of magnitude)
etween the start and the end of the trial were probably due to a
eriod of heavy rainfall at the end of the first week that increased
he river flow and diluted the concentration of Hg in the water sam-
les. These data demonstrate the difficulties in the use of irregular
pot sampling procedures to estimate meaningful concentrations
f aquatic pollutants.

The mass of Hg found in the receiving phase of Chemcatcher
fter deployment at the two sampling points and the estimated
WA concentrations interval (Cw) are given in Table 4. The temper-

ture was about 11 ◦C and the turbulence of the river water during
his season was assumed to be equivalent to the SL2–SL3 turbu-
ence range of the calibration tank experiments. Therefore, for TWA
stimated concentration, Rs value in the range 0.084–0.091 L day−1

as used. The different concentrations of Hg found in the spot

6

M
T

t
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ater samples at the two sampling points were also reflected in
he amount of Hg accumulated by the samplers.

At location 1, the estimated TWA concentration of Hg
85–92 ng L−1) measured by Chemcatcher was much lower than
hat found in spot water samples collected over the same period
mean value of 466 ng L−1 Hg). However, at the end of the trial (day
4) the average spot water concentration of Hg was 60 ± 4 ng L−1,
hat is lower than the TWA concentration measured by the sampler.
he concentration in the river water may have been even lower
mmediately after the rain event than that measured at the end
f the trial. However, no information is available on this, and it
xemplifies the difficulties in comparing aqueous concentrations
easured by the two techniques and shows the potential advan-

ages of the use of passive sampling device in obtaining an improved
verall picture of water quality [12,13].

Calibrations were performed in tap water with relatively high
mounts of chloride an sulphate ions, and Hg2+ was introduced
n the systems as HgCl2 (log ˇ1 = 6.6 and log ˇ2 = 13.2), it could be
xpected that the effective uptake rate was representative of free
nd hydrated ions, and also of weak Hg complexes that could dif-
use through the PS membrane (200 nm pore size). This behaviour
s similar to that postulated for other passive samplers which
equester mainly the ionic and kinetically labile unbound frac-
ion of metals present in the water [17–20,22,28]. Some fractions
ould have readily formed complexes with dissolved organic mat-

er (fulvic and humic acids) or be bound to particulate material in
he unfiltered water samples. The pore size of the membrane will
xclude some but not all of these fractions. The calibration data
re based on solutions containing only very low concentrations of
rganic matter. In the field there will be wide variation in the con-
entrations and properties of the organic material present. It is not
easible to take this into account this wide variability in routine
aboratory-based calibrations. However, this should be taken into
onsideration when interpreting field data. Further work is needed
n this area for all types of passive sampler (for both organic and
norganic pollutants). At location 2, the Chemcatcher was able to
equester measurable amounts of Hg where the spot sample water
oncentration was below the detection limit.

The performance of Chemcatcher for Hg can be also compared
ith the DGT passive sampling device developed for Hg [18]. These
evices differ in their design, materials of construction and geome-
ry. Like the DGT, Chemcatcher, sequesters only inorganic ions and
125.4 36.8

ean 136.3 ± 26.4 39.0 ± 7.1
WA (Cw) (ng L−1) 84.7–91.7 9.9–10.7

a The mass of Hg in the field blank was subtracted from the mass of Hg found in
he disk after deployment to calculate the TWA concentration.
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. Conclusions

The passive sampler developed and evaluated in the current
ork for the measurement of Hg in surface waters increases the

ange of applications of the Chemcatcher technology. The device,
ased on an iminodiacetic chelating receiving phase and a PS mem-
rane provides a sampling rate high enough to detect Hg species at
nvironmentally relevant levels. One important advantage of this
ariant of the Chemcatcher is that it uses low cost, commercially
vailable components that are easy to pre-condition and assemble
nto the PTFE sampler body. The TWA concentration range esti-

ated by this sampler in the field trial was about an order of
agnitude less than estimates derived from spot samples. This

eflects a difference between the two methods where the passive
ampler measures only the inorganic ions and the weak complexes
f Hg that are able to diffuse across the water boundary layer and PS
embrane, whereas the spot sampling (unfiltered) measures the

otal Hg content of the water. Despite these differences the pas-
ive samplers provide useful data that give information concerning
oncentrations of pollutants in the water between infrequent spot
ampling events. This technology could yield complementary data
hat would increase confidence in the information from routine
egulatory water monitoring programmes.
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a b s t r a c t

This study focuses on certain aspects of the quantitivity of adsorptive solid phase microextraction
when applied in the form of on-fibre derivatisation with O-(2,3,4,5,6)-pentafluorobenzyl-hydroxylamine
hydrochloride (PFBHA) for the determination of carboniles in air samples of relevance in the atmosphere.
The study was performed in the high-volume outdoor atmospheric simulation chambers (EUPHORE)
located in Valencia (Spain). At short sampling times, the adsorption profiles obtained when only ben-
zaldehyde was inserted in the chamber coincided with those obtained when other carbonylic compounds
were also introduced at the same concentration, and this was also the case when the concentration of all
the gaseous mixture components was increased considerably from one experiment to another. In a num-
ber of experiments applying different conditions, it was proven that all the extraction profiles belonged
to the same regression when the fibre responses were plotted against the concentration–time product. A
number of calibrations were obtained for benzaldehyde introduced in the chamber alone and in a mix-
ture with three other carboniles at similar concentration values. A statistical test is applied to confirm that
they all belonged to the same regression since they shared homogeneous variances. After these tests, the

method of SPME on-fibre derivatisation for the determination of carboniles was considered to be safely
applicable to quantification. Moreover, the concentration levels at which certain unwanted effects, i.e.,
displacement, saturation and competition, were observed are a few orders of magnitude higher than their
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. Introduction

The analytical determination of carboniles generated as inter-
ediate degradation products in atmospheric reactions poses

mportant difficulties and their quantification in atmospheric
atrices constitutes an analytical challenge. Carboniles are polar

nd volatile, a fact that negatively affects their chromatographic
ehaviour [1]. Tropospheric mixing ratio ranges for OVOCs are
ighly variable [2–4] and generate at low concentration levels as
roducts of atmospheric reactions, thus adding more complex-

ty to the determination. With the exception of formaldehyde and

cetaldehyde, which can be present at relative high concentration
evels in ambient air, the concentration of the rest can be expected
ow [5]. As an example, benzaldehyde concentration (target com-
ound in the present study) in ambient air has been estimated at
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ow values, i.e., 0.1–1 ppbV in urban ambient air. Carboniles are
ighly reactive with atmospheric oxidants (and especially with the
H radical, which is the major oxidizing agent in the atmosphere)

6]. Their atmospheric relevance also comes from their absorption
f light in the 290–400 nm region that producing the radicals RO2,
O2, and OH. In the drier parts of the atmosphere, this source of
H radicals, primarily from formaldehyde and acetone, can become

he dominant source [5,7].
Derivatisation with dinitrophenyl hydrazine (DNPH) – normally

sed in conjunction with HPLC analysis – [8,9] and PFBHA is usu-
lly applied to the determination of carboniles in air. Both types
f derivatisation are performed after sampling with cartridges
gas phase) and/or filters (particles) and are followed by lengthy
nd aggressive sample treatment steps, which could potentially
lter the sample composition. Silica gel cartridges impregnated
ith DNPH have been used for over two decades for carbonile

easurements [10]. This technique enables relatively easy sample

ollection in the field but suffers from low time resolution. How-
ver, it requires substantial sample preparation since the derivative
roducts need to be isolated prior to chromatography through

engthy solvent extraction steps. In addition, derivatisation with
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NPH presents serious difficulties in the determination of cer-
ain carboniles, especially dicarboniles, due to the inefficiency of
erivatising both groups simultaneously.

PFBHA derivatisation applied to solid phase microextraction
11–13] provides a number of exceptional advantages. Derivati-
ation takes place immediately on PFBHA anchored to the fibre
ollowing a simple procedure consisting of simply exposing the
bre to the headspace of a high PFBHA concentration solution. As
he fibre is directly introduced in the liner/injector of a gas chro-

atograph, analytes are thermally desorbed and carried into the
olumn, thus avoiding dilution by solvents and sample alteration
ue to sampling treatment steps. In addition, the methodology can
esolve and quantify stereoisomers individually. It is particularly
ensitive to dicarboniles (these carboniles that pose the greatest
roblems for determination by DNPH derivatisation, as outlined
bove), since the carbonylic groups are efficiently derivatised, pro-
iding high molecular weight oximes. In an atmospheric simulation
hamber, the methodology can be conducted in situ from the cham-
er, thus avoiding sampling tubes and lines. The combination of
oth advantages has resulted in the quantification of dicarbonylic

ntermediates of aromatic photo-oxidation [14].
The main difficulty is calibration. A few approaches have been

eveloped. Martos and Pawliszyn [11] developed an approach
ased on the physico-chemical properties of the coating, applied
o liquid fibres, i.e., when the extraction mechanism is absorption.
órecki et al. [15] developed a theoretical calibration procedure for
dsorption-type fibres based on the Langmuir adsorption isotherm.

Sampling with adsorptive materials is by definition competitive.
ampling of a mixture of compounds with adsorptive fibres could
onstitute the real limitation of SPME. This modality of SPME is also
uch more sensitive and achieves significantly better LOD than

ampling with liquid fibres. The amount of the analyte extracted
y the fibre from a sample can be significantly affected by the sam-
le matrix composition [15–17]. In addition, bibliographical reports
18] different adsorption profiles, i.e., differing profiles of adsorbed

ass versus sampling time (min), at different concentrations are
f concern since this fact adds new difficulties to calibration. These
acts have led us (1) to explore variations in the methodology which
ould lead to improving its performance and (2) to conduct stud-
es aimed at evaluating the quantitivity of the methodology in the
xperimental conditions applied to atmospheric studies. In the
resent work, the emphasis is placed on the elucidation of such
ffects in the determination of carboniles of relevance to atmo-
pheric studies.

On the positive side, the results obtained by our group in an
ntercomparison exercise [19] proved that the SPME methodology
ould yield quantitative measures for the analytes tested. Among
he analytes tested in this exercise was benzaldehyde, the target
ompound in the present study. The experimental work described
erein was carried out in preparation for our participation in the

ntercomparison exercise.
The present study reports the experimental conditions in which

he methodology of SPME on-fibre derivatisation with PFBHA is
est applied to the determination of carboniles in gaseous atmo-
pheric matrixes, with the aim of improving the quality of the
esults obtained in terms of sensitivity and quantitivity, as well
s the conditions under which competition between analytes can
e avoided. Benzaldehyde, the analyte studied in this work, was
crutinized in different mixtures at different concentrations of the
omponent analytes and under different experimental conditions

pplied to the sampling. The aim was to search for conditions
n which unwanted effects that may affect quantitivity could be
voided and establishing upper concentration levels at which
uantitative determinations could be obtained. For that reason a
onscious choice of concentrations considerably higher than ambi-
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nt levels of compounds into the chamber was made. Although
hese are not realistic concentration levels, they usually consti-
ute working conditions in atmospheric simulation chambers, in
rder to match the limits of detection of the range of analytical
ethodologies involved. In addition, the feasibility of calibrating

nd applying the calibrations on different days and under different
xperimental conditions was explored. The development of cali-
ration procedures that do not depend on the matrix composition
as also dealt with in the present work.

. Experimental

.1. Technical description of the European photo-reactors
EUPHORE) chambers

Each of the two simulation chambers is formed by 32 individual
egments welded together to form a half-spherical shaped Teflon
ag with a volume of about 200 m3. The chambers are made of
fluorine-ethene-propene (FPE) foil with a thickness of 0.13 mm.

his foil can transmit over 80% of incident light in the near UV and
he visible range between 280 and 640 nm, which is the impor-
ant range for the photo-oxidation processes. Each chamber is
elf-stabilising against wind distortions when operated with an
xcess pressure of 100–200 Pa. A floor cooling system integrated
n the chamber floor compensates heating of the chamber by solar
adiation. Ports for input of the reactants and sampling lines for
he different analytical instruments are located on the floor of
he chamber. Two mixing fans of 67 m3 min−1 air throughput are

ounted inside the chamber to ensure homogeneous mixing of
he volume. They provide an interior air velocity of approximately
m s−1. This fact is of extraordinary importance and could be the
asis for the sensitive determination that the SPME methodology
as achieved in determining the intermediates of the reactions con-
ucted in the simulators.

The air that fills the chamber is passed through a compressor
nd after through a condensate trap to separate oil and water from
he air. The emulsion is separated in an oil water separator. The air is
ried in absorption driers with an air throughput of ca. 500 m3/h.
hese driers are filled with a special molecular sieve. A pressure
ew point of −70 ◦C is reached and the CO2 content is reduced sig-
ificantly. By means of a special charcoal adsorber NOx is eliminated
nd oil vapour and non-methane hydrocarbons are reduced to a
imit of <0.4 �g/m3.

In addition to conventional analytical instrumentation (GC,
C–MS, HPLC, O3, NOx and NOy analysers, actinometers for mea-
urement of photolysis frequencies of different chemical species –
(O3), J (O1D) and J (NO2)) the chamber is equipped with state-
f-the-art in situ measurement techniques (long-path Differential
ptical Absorption Spectrometry (DOAS), long-path Fourier Trans-

ormed Infrared Spectrometry, Tunable Diode Laser).
A FTIR spectrometer (NICOLET, MAGNA 550, resolution of

cm−1, MCT� detector) is used to determine at any time the con-
entration of compounds introduced in the chamber (and their
roducts when that is the case). It is used for the trace gas detection

n the infrared spectral range between 400 and 4000 cm−1, in com-
ination with a long-path absorption system. Liquid N2 (Praxair) is
sed to cool down the detector.

Losses in the chamber volume caused by the variety of sampling
quipment and instruments connected on-line to the chamber, are

ompensated by a replenishment flow that maintains an overpres-
ure in the chamber. This causes a dilution, for which SF6 (sulfur
exafluoride) is added as a dilution tracer. This is an inert com-
ound that yields a strong band between 955 and 935 cm−1 in the

nfrared spectrum. In each experiment, 6.5 ml of SF6 was injected
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nto the chamber through one of the ports integrated in a flange
or the input of reactants. The absorption peak produced by this
ompound is integrated throughout the course of the reaction. A
raphical plot of the decay (as a natural logarithm over time of the
atio of absorbance at any given time with respect to the initial
bsorbance recorded just after the introduction of the tracer in the
hamber) provides the dilution rate. Typical values in chamber B of
he EUPHORE facilities are between (5–7) × 10−6 s−1.

Additional information on technical aspects of the cham-
ers operation is provided in four EUPHORE Reports [20–23].
DF copies of the reports can be downloaded from the
eb site http://www.physchem.uni-wuppertal.de/PC WWW Site/

ublications/Publications.html.

.2. Reagents and materials

The following reagents were used: acetaldehyde (Fluka, Milano,
taly), para-formaldehyde (also called polyoxymethylene) (Fluka,

ilano, Italy) a polymer of formaldehyde, benzaldehyde (Aldrich,
t. Louis, MO, USA), O-(2,3,4,5,6) pentafluorobenzylhydroxylamine
ydrochloride (Fluka). Weighed amounts of each one of the
ompounds were inserted in the chamber according to the concen-
ration level desired. The compounds were weighed, introduced in
n impinger, heated to volatilisation and finally carried by an air
tream inside the chamber.

The SF6, introduced in the chamber to monitor dilution was
urchased from Abelló Linde, S.A., Gases Técnicos, Barcelona.

Polydimethylsiloxane/divynilbenzene (PDMS/DVB) 65 �m
PME fibres were purchased from Supelco (Lund, Sweden). 4 ml
mber headspace Vials for SPME with Silicone Septa were also
urchased from Supelco.

.3. Instrumentation and methods

For the analysis of SPME fibres, a 6890 HP Gas Chromatograph
quipped with a HP-5MS capillary column (crosslinked 5% PHME
iloxane, 30 m × 0.25 �m × 0.25 �m) which was coupled to a flame
onization detector (FID) and an inlet liner with a narrow inter-
al diameter (0.75 mm i.d. pre-drilled thermogreen LB-2 septa for
PME) were also purchased from Supelco.

The conditions that achieved the best resolution of peaks, sen-
itivity and speed of analysis were as follows: oven temperature:
tart-up at 80 ◦C, held for 2 min, followed by a ramp of 20 ◦C/min to
00 ◦C, held for 2 min (total analysis time, 11 min). Injector: 270 ◦C.
he system was operated in splitless mode. After 1 min, a 9.1 ml/min
plit flow was started. The column flow was set at 2 ml/min.

At working chromatographic conditions, the oxime HCHO-
FBHA eluted at 3.57 min and the excess of PFBHA at 4.5 min
pproximately. Acetaldehyde and benzaldehyde yielded two iso-
eric oximes at retention times of approximately 4.60 and 4.66 min

or the former and 9.24 and 9.33 min for the latter. Quantification
f the oximes was performed by adding up the peak areas of the
wo oximes formed on derivatisation.

.4. Fiber conditioning and application of derivatising agent on
bre

Previous to their initial use, the fibres were conditioned by
nserting them in the injector of the gas chromatograph at 250 ◦C

or half an hour according to manufacturer’s instructions. Every
ay, the fibres are pre-conditioned by keeping them in the injec-
or of a gas chromatograph for about 15 min. The fibres are used
ontinuously, i.e., the fibre that is injected is directly taken out of
he injector of a gas chromatograph to sample the next sample. By

o
T
t
p
f
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oing so, every analysis also constitutes pre-conditioning for the
ollowing sampling step avoiding fibre contamination.

The derivatising reagent was loaded on the 65-�m thick
DMS/DVB fibre. Loading was performed from the headspace of a
ml opaque amber vial containing a well-agitated 17 mg/ml aque-
us solution of PFBHA. The septum was punctured with the fibre
heath to a depth of 0.5 cm, as the loading of the derivatising agent is
erformed from the headspace. After 2 min, the fibre was retracted
nd removed from the vial. The needle was again adjusted to full
ength.

.5. Calculation of concentration of carboniles in the chamber

The number of molecules or volumes of a given gaseous species,
.e., mixing ratios, forms the basis of units in atmospheric chem-
stry; in aqueous chemistry, mass rather than volume is used as
he basis for expressing concentrations in ppm [5]. For gas-phase
pecies, the most commonly used units are parts per million (ppm),
arts per billion (ppb) and parts per trillion (ppt).

From the amount (mass) of compound introduced in the cham-
er, the concentration in molecules/cm3 is calculated by dividing
y the MW of the compound, and the resulting amount in moles
ivided between the chamber volume (204,500 l) to obtain the con-
entration of the compound introduced in the chamber in mol/l.
y applying a volume conversion factor (1 l = 10E+03 cm3), and the
oschmid number (6.02E+23 molecules mol−1), the concentration
n mol/l can be easily transformed in molecules/cm3.

(1/MW) × (m(mg)/1000)
204, 500(l)/1000

× 6.023 × 1023

In order to calculate the mixing ratios from the concentrations
ntroduced in the chamber, the concentration in mol/l, calculated
efore, needs to be multiplied by the molar volume (22.4 l) and
correction for pressure and temperature (when not in normal

onditions) applied. This will provide the volume (l) of compound
er litres of dry air in the chamber. From the definition of ppm as
he number of pollutant molecules per 106 molecules of air (or 109

n the case of ppb), the resulting amount should be divided by 106

o obtain the mixing ratio in ppm, or 109 to obtain the mixing ratio
n ppb.

((1/MW) × (m(mg)/1000))/(204, 500(l)/1000)
×(22.4(l)/1000) × (T/273.15) × (1013.25/P)

109

Alternatively, a more accurate estimation of the concentration of
he different analytes in the chamber can be obtained by FTIR, with
he additional advantage of its good sampling acquisition capabil-
ty. The concentrations of the different analytes in the chamber

ere obtained applying the corresponding factor to the absorption
egion or peak height as compared with previously recorded refer-
nce spectra. The concentration of a given analyte corresponding
o a reference spectrum can be accurately determined by applying
ross-section values obtained through a number of independent
nsertions of the compound in the chamber. The concentration of

compound in the chamber, cross-sections and chamber path-
ength are related to absorbance through the Lambert–Beer law.
he cross-section is a measure of the effective surface area seen
y the impinging radiation beam and, as such, has units of surface
rea (usually cm2). The concentration of HCHO during the course

f the experiment was calculated by the peak height at 1746 cm−1.
he concentration of acetaldehyde was calculated by the analysis of
he peak areas in the region 1053:1156 cm−1, where acetaldehyde
resents a characteristic band. Reference spectra were available
rom previous experiments. Finally, the exact concentration of
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Table 1
Sequence of experiments and experimental conditions applied to set conditions of quantitivity in studies conducted in the environmental chambers EUPHORE.

Aim of the experiment Composition of gaseous mixture in chamberb Quantities introduced in chamber Pa Ta

(1) Optimization of derivatising reagent
PFBHA concentration

500 ± 150 ppbV benzaldehyde 425 mg 1002.24 296.85

(2) Post-sampling derivatisation 505 ± 151 ppbV benzaldehyde 420 mg 1002.30 300.02

(3) Study of fibre saturation. Competitive and displacement effects. Comparison between benzaldehyde adsorption profiles when introduced alone in the
chamber and in a mixture with other components
(a) Benzaldehyde alone in chamber.
Adsorption profiles (Fig. 2A and B)

1241 ± 372, 608 ± 182 and 163 ± 49 ppbV of benzaldehyde
on different days. Adsorption profiles plotted (interval of
sampling times: [10 s to 10 min]. 12 h for concentrations of
1241 ± 372 and 608 ± 182 ppbV

1 ml (1045 mg approximately) 1003.89 296.84

500 �l (522 mg approximately) 1003.94 290.86
by dilution of last 1003.94 290.86

(b) Mixture of aldehydes. Focus on just
benzaldehyde (Fig. 3A and B)

(b.1)

617 ± 185 ppbV benzaldehyde alone 522 mg benzaldehyde 1003.94 295.21
617 ± 185 ppbV benzaldehyde with 360 ± 108 ppbV

formaldehyde, 1096 ± 329 ppbV acetaldehyde
86 mg formaldehyde
386 mg acetaldehyde

(b.2) (focuses on short sampling times)
150 ± 45 ppbV benzaldehyde alone by dilution of last 1003.94 294.86
150 ± 45 ppbV benzaldehyde (25 ± 7 ppbV formaldehyde

and 150 ± 45 ppbV acetaldehyde)
617 ± 185 ppbV benzaldehyde alone

(c) Study of mixtures focusing on all
components (Fig. 4A and B)

(c.1)

formaldehyde, 360 ± 108 ppbV 86 mg formaldehyde 1003.94 294.86
acetaldehyde, 1096 ± 329 ppbV 386 mg acetaldehyde
benzaldehyde, 617 ± 185 ppbV 522 mg benzaldehyde
Adsorption profiles covering wide range of sampling

times (up to several hours) (Fig. 4A)
A window from the beginning of the x-axis of last profile,

focusing on shorter sampling times (Fig. 4B)
(c.2)

Significant reduction of mixture components
formaldehyde, 25 ± 7 ppbV by dilution of last
acetaldehyde, 150 ± 45 ppbV
benzaldehyde, 150 ± 45 ppbV

(d) Exploring conditions that permit
obtaining common adsorption profiles in
different experimental conditions.
Sampling mixtures with significant
reduction of sampling times (Fig. 5)

Day 1

314 ± 94 ppbV formaldehyde 75 mg formaldehyde 1003.94 mbar 295 K
311 ± 93 ppbV acetaldehyde 109 mg acetaldehyde

Day 2
833 ± 250 ppbV formaldehyde 198 mg formaldehyde 1007.8 mbar 299 K
1221 ± 366 ppbV acetaldehyde 425 mg acetaldehyde

Day 3
883 ± 265 ppbV formaldehyde 210 mg formaldehyde 1000.6 mbar 296 K
897 ± 269 ppbV acetaldehyde 313 mg acetaldehyde

In all cases 50, 100, and 200 �l benzaldehyde successively
added into the chamber providing increases of
concentration levels of 65 ± 19, 125 ± 37 and 250 ± 75 ppbV
approximately
Sampling steps performed at 5, 15, 30, 45, 60 and 120 s

(e) Calibrations (e.1) Benzaldehyde alone:
500 ± 150 ppbV of benzaldehyde introduced in chamber

alone (no other component introduced)
457 mg 998.8 mbar 298.43 K

Introduction repeated on four successive days and the
corresponding four calibrations obtained

476 mg 1004.72 mbar 294.9 K

474 mg 1006.23 mbar 294.27 K
437 mg 996.82 mbar 294.43

(e.2) (e.2) Calibration of benzaldehyde
in mixture

479 ± 144 ppbV benzaldehyde
727 ± 218 ppbV butyraldehyde 416 mg benzaldehyde 992.86 mbar 293 K
468 ± 140 ppbV trimethylacetaldehyde 444 mg butyraldehyde
Calibration performed and compared with the other four 320 mg trimethylacetaldehyde

a P, T at introduction of components into the chamber.
b An error in the estimation of concentrations of 30% is attributed to unique additions of compounds into the chamber.
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lel to the last test, another test was conducted with
ig. 1. FTIR reference spectrum of benzaldehyde in the area used in quantifica-
ion introduced in the chamber at a concentration of approximately 120 ± 36 ppbV
100 �l).

enzaldehyde in the chamber was calculated by applying a sim-
lar approach in the region 1146:1228 cm−1 where benzaldehyde
resents a characteristic band. Fig. 1 shows the area of the FTIR
enzaldehyde reference spectra in the region of interest obtained
fter inserting in the chamber 100 �l of benzaldehyde. The figure
hows the band selected for quantification purposes because of its
lear definition and less potential interference from other overlap-
ing bands of the spectra coming from the rest of the carboniles

ntroduced in the chamber.
The concentrations provided in Table 1 have been calculated as

er above using the compound mass introduced in the chamber and
he pressure and temperature at the time of its introduction. To cal-
ulate the function used in the plots to describe the concentration
f benzaldehyde in the chamber, the concentration values obtained
n the comparison of FTIR with reference spectra were graphically
isplayed. This allowed us to obtain the decay in benzaldehyde
hrough the course of the experiments versus time and the cal-
ulation of the integral of the best-fitted concentration equation
ith time.

.6. Planning and description of experiments

The sequence of experiments conducted and the experimental
onditions applied are summarised in Table 1.

The initial tests aimed at optimising the experimental con-
itions related to the derivatisation reaction, in terms of the
oncentrations of derivatising agent solution used to load PFBHA
n the fibre. The derivatisation process was also investigated to
ee if a change in the sequence of events could have the effect of
iminishing the extent of some unwanted effects.

The next set of experiments aimed at assessing both the sat-
ration phenomena on the fibre and the variation of adsorption
rofiles in the sampling of carboniles. For this, adsorption profiles
ere obtained for benzaldehyde introduced alone in the chamber

t different concentration levels.
Then, benzaldehyde was inserted in the chamber in combina-

ion with other carboniles, and the adsorption profiles obtained for
enzaldehyde alone were compared with those corresponding to
enzaldehyde in a mixture. Initially, attention was focused only on
enzaldehyde (and not on the rest of the gaseous mixture).

Monitoring of all the species in the sample mixture followed,

o look for relevant information about the processes taking place.
ext we established a comparison with the results obtained in a
ifferent test in which the concentration of all the components of
he gaseous mixture was significantly reduced.
ta 77 (2009) 1444–1453

The next stage was to inquire into the effects that the presence
f very volatile carboniles could have on the sampling of the target
nalytes.

Once we verified the presence of interactions between analytes
o-existing in a gaseous sample, we focused on finding sampling
ethodologies and protocols that could avoid the observed vari-

tions with sample composition. One possible way would be to
educe the sampling times [17,18]. The concentration of the poten-
ially interfering analytes was doubled in a subsequent trial, and
ampling at short times was performed in the new set of conditions.

Finally, calibration in the initial stage was attempted in different
onditions, i.e., analyte alone and in a mixture. These sets of tests
ere divided in the following stages:

a) Comparison between adsorption profiles when benzaldehyde
was introduced in the chamber alone or in a mixture with other
compounds.

Benzaldehyde was introduced in the chamber at concen-
tration levels of 1241 ± 372, 608 ± 182 and 163 ± 49 ppbV on
different days and the corresponding adsorption profiles were
obtained (adsorption of benzaldehyde oxime on the fibre at
different sampling times ranging from 10 s to 10 min). Then,
adsorption profiles at longer sampling times (of up to 12 h)
were performed for the concentrations of 1241 ± 372 and
608 ± 182 ppbV. In all these, the GC-FID area responses were
represented versus the concentration in the chamber. The ana-
lyte concentration in bulk air (Cg) was considered constant
when short sampling times were applied. When this was not the
case, the integral of the function

∫
Cg dt describing the variation

of the concentration with time (due to dilution) was plotted.
b) Mixture of aldehydes:

(b.1) The adsorption profiles obtained by introducing
617 ± 185 ppbV alone was compared with those
obtained when the same amount of benzaldehyde was
inserted in the chamber together with other carboniles
(360 ± 108 ppbV formaldehyde and 1096 ± 329 ppbV
acetaldehyde).

(b.2) Comparison of adsorption profiles obtained for benzalde-
hyde alone (at a concentration level of 150 ± 45 ppbV)
with those corresponding to the same amount of ben-
zaldehyde introduced in the chamber together with
formaldehyde (25 ± 7 ppbV formaldehyde) and acetalde-
hyde (150 ± 45 ppbV acetaldehyde). In the same graph,
another series of two experiments was also compared,
i.e., those corresponding to 617 ± 185 ppbV benzaldehyde
alone with the adsorption profile provided by ben-
zaldehyde in a mixture of the following composition:
617 ± 185 ppbV benzaldehyde, 360 ± 108 ppbV formalde-
hyde and 1096 ± 329 ppbV acetaldehyde.

(c) Follow-up of the remaining sample components.
(c.1) Another series of experiments was carried out in which

a mixture of aldehydes was inserted in the chamber
in the following order: acetaldehyde, formaldehyde
and benzaldehyde at concentration levels of approxi-
mately 360 ± 108 ppbV (formaldehyde), 1096 ± 329 ppbV
(acetaldehyde), 617 ± 185 ppbV (benzaldehyde). This
time, the SPME responses to all the sample components
were traced.

(c.2) Significant reduction of mixture components: in paral-
a significant reduction in the concentration of the
remaining sample components to the following levels:
formaldehyde, 25 ± 7 ppbV; acetaldehyde, 150 ± 45 ppbV;
benzaldehyde, 150 ± 45 ppbV.
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d) Superposition of adsorption profiles obtained at varying con-
centrations of gaseous matrices and different experimental
conditions.

Approximately, 109 mg of acetaldehyde (approximately
311 ± 93 ppbV) were introduced in the chamber followed
by 75 mg of formaldehyde (approximately 314 ± 94 ppbV). In
a separate experiment, the amounts of acetaldehyde and
formaldehyde introduced in the chamber were increased sig-
nificantly (198 mg formaldehyde and 425 mg acetaldehyde)
providing concentrations in the chamber of 833 ± 250 ppbV
formaldehyde and 1221 ± 366 ppbV acetaldehyde. In all cases
50, 100, and 200 �l of benzaldehyde were successively added
to the chamber. Sampling at 5, 15, 30, 45, 60 and 120 s was
performed. The objective of these series of experiments was to
establish the conditions under which sampling in the chamber
could be performed quantitatively in a real case.

e) Calibration curves. ANOVA test applied (proof of homogeneity
of variances).

In order to test the validity of this approach, a number of cal-
ibration experiments were carried out. Initially, just 450 mg of
benzaldehyde (slight variations from 1 day to another) were
introduced in the chamber, yielding an approximate concen-
tration of 518 ± 155 ppbV. This calibration curve was repeated
four successive days (n = 4). During the course of the calibration
experiments, a decrease in regression coefficients was observed
together with a lower loading of PFBHA, generating a lower
oxime formation which decreased the sensitivity of the analysis.
It was then observed that the fibre used had turned an intensely
dark colour. New fibres were used for the rest of the analysis. On
a different day, 416 mg of benzaldehyde, 444 mg of butyralde-
hyde and 320 mg of trimethylacetaldehyde were introduced in
the chamber. The composition of the gaseous mixture was not
relevant since the study focused on benzaldehyde alone. The
mixture composition was changed to these other compounds
that were less harmful and less affected by the derivatising
agent background.

. Results and discussion

.1. Optimisation of derivatisation and blank experiments

Certain aspects of the experimental procedure have been thor-
ughly tested and reported in the literature [17], such as the loading
f the derivatising agent directly from solid reagents, decompo-
ition of the reagent in the fibre coating and changes in loading
ehaviour of the coating with repeated use. In general terms, they
re in good agreement with our observations. In this section, we
eport the results of a number of aspects related to the experimental
rocedure applied to derivatisation.

Different concentrations of PFBHA solutions were essayed to
chieve the highest loading on the fibre without considerably
ncreasing the loading time. High concentrations of PFBHA should
e applied on the fibre in order to avoid as far as possible binding
f the pure compound. The concentrations essayed were 17 g/l, as
eported in the literature [12]. In addition, a saturated solution of
FBHA (concentration approximately 89 g/l) was essayed. The loss
f stability of the saturated solution over time was noticeable, since
he intensity of the interfering peaks increased within a few days.
he solution of derivatising agent should be prepared daily and not
tored from 1 day to the next. Working with clean fibres is crucial at

ow concentrations of the compounds of interest or at low sampling
imes.

Different loading times were essayed, causing the amount of
FBHA on the fibre to increase consistently. Using the 89 g/l solu-
ion, the mass load was higher for the same loading times, when

l

d
2
d
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ompared with the 17 g/l solution. This resulted in an approxi-
ately 3% increase in oxime formation. However, it also increased

he intensity of the interfering peaks, which increases the proce-
ural limits of detection (LOD) significantly for compounds whose
ximes co-elute with the most intense peaks. This is the case
f formaldehyde, acetone (also reported in Refs. [17,24,25]) and
cetaldehyde, and it would hinder their quantitative determination
specially at low concentration levels (low ppbV).

In order to account for these interfering peaks, a number
f chromatographic tests were obtained upon the application of
erivatising agent on the fibre (control samples). The origin of
he peaks observed is not completely understood. Control sam-
les are obtained twice a day, before the first sampling step from
he chamber, and at the end of the day, after all sampling steps
re concluded. This provides an indication of whether PFBHA is
eing contaminated during the progression of the experiments.

n addition, background samples are taken, i.e., chromatograms
esulting from sampling of zero air from the chamber. These three
hromatograms were generally in good agreement. This allows con-
luding that the net change in response could be attributed to the
hange in concentration of target compounds (benzaldehyde) into
he chamber.

It should be clarified that problems due to impurities in the
erivatising agent and reactivity of PFBHA affect mainly the deter-
ination of small carbonyls, but not significantly the quantitative

etermination of other bigger carboniles, such as benzaldehyde,
arget analyte in this study.

As stated above the exact origin of such contamination is not
ompletely understood. The work by Reisen et al. [25] suggests that
he derivatising agent should be loaded on the fibre under a nitro-
en atmosphere to minimize contamination from, for example,
cetone in the laboratory air and thus avoid problems in the deter-
ination of some of the small carbonyls due to the background

ontamination with some of the ubiquous carbonyls in ambient
ir, such as formaldehyde, acetaldehyde and acetone.

It has been suggested that in some instances it could come from
he water used for the preparation of the derivatising solution. In
act, Wang et al. [17] comment on the possibility of decomposi-
ion of the reagent in the fibre coating. The authors report that
ackground contamination peaks were observed, most notably for
ormaldehyde, as had previously been noted by other researchers
17,24] also describe the calculations followed in order to calculate
he procedural LOD, i.e., a value of the limit of detection that takes
nto account the signal provided by the derivatising reagent loaded
n the fibre. When PFBHA was used, the limit of detection was cal-
ulated as the concentration that yields a peak height twice the
ignal-to-noise ratio.

It is also possible that when the derivatising agent is loaded on
he fibre, it fragments into smaller size components that elute at
ifferent retention times, generating high backgrounds at different
ositions of the chromatogram and affecting the procedural limits
f detection.

In the present study, at longer sampling times, the higher the
oncentration of derivatising agent used, the higher the amount of
xime was observed. However, at short sampling times, the amount
f oxime formed at both concentration levels of derivatising solu-
ion was quite similar. In both cases, there was an important excess
f PFBHA. The higher oxime formation at higher concentrations of
erivatising agent could be due to the higher number of available
inding sites available that become occupied by the analyte when
ong enough times are allowed.
Additional tests were carried out to quantify desorption of

erivatising agent from fibres at room temperature. After 14 h,
8.37% of the PFBHA loaded on the fibre from a 17 g/l solution had
esorbed.
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ig. 2. (A) Adsorption profiles for benzaldehyde alone in the chamber at sampling ti
�) Conc = 608 ± 182 ppbV; (�) Conc = 1241 ± 372 ppbV. (B) Adsorption profiles for b
n the chamber. (�) 608 ± 182 ppbV; (�) 1241 ± 372 ppbV. Sampling times of up to 1

Finally, sampling of benzaldehyde introduced in the chamber
t a concentration level of 500 ppbV was carried out at different
imes ranging from a few seconds to 2 h. After each sampling step,
2 min headspace loading of PFBHA was performed. Post-sampling
erivatisation was essayed as a test to determine if the reaction rate
f the carbonile group with the derivatising reagent could be limit-
ng the extent to which the reaction takes place. Derivatising after
ampling would allow enough time for the compound to react after
ampling has been carried out. The final oxime formation was lower
han that obtained when loading the derivatising reagent onto the
bre before sampling. In line with Wang’s et al. [17] observations,
he reaction rate with the derivatising reagent is not expected to
imit the overall reaction rate.

.2. Evaluation of competitive effects in the determination of

arboniles in air samples

In order to elucidate the dependence of analyte uptake on the
bre with the presence and concentration of other analytes in the
ample matrix, a series of tests were carried out. Benzaldehyde

t
d
e
f
u

ig. 3. (A) Adsorption profiles obtained for benzaldehyde as the only carbonile in the cham
�) Just benzaldehyde in the chamber; (�) benzaldehyde in a mixture of aldehydes. 61
cetaldehyde). (B) Adsorption profiles for sum of benzaldehyde oximes when just ben
ompounds (focuses on short sampling times). (�) Just benzaldehyde at 150 ± 45 ppbV; (�)
50 ± 45 ppbV acetaldehyde); (�) just benzaldehyde at 617 ± 185 ppbV; (×) 617 ± 185 ppb
cetaldehyde).
f up to 10 min and at three different concentration levels. (�) Conc = 163 ± 49 ppbV;
ehyde at two different concentration levels when just benzaldehyde is introduced

lone is introduced in a first instance in the chamber at two con-
entration levels (Fig. 2A and B). A number of sampling steps were
erformed at different times (up to a maximum of 12 h). In a second
xperiment, the same types of profiles are obtained when a combi-
ation of benzaldehyde, formaldehyde and acetaldehyde is placed

n the chamber at two concentration levels (Fig. 3A and B).
The profiles of analyte uptake versus sampling time at longer

ampling times displayed in Figs. 2B and 3A are typical of equi-
ibrium situations in which a maximum of analyte adsorption
s reached, upon which no further increase in analyte uptake is
bserved. The maximum response is dependent on the concentra-
ion of analyte in the sample matrix (Fig. 2B). However, the tests
howed an aspect of sampling with SPME fibres, also pointed out
y Koziel et al. [18], which is of concern due to its potential to hinder
uantitative determinations, i.e., analyte uptake at equilibrium at

he same concentration as the target analyte in the gaseous matrix
epends on the composition of the sample matrix. Sampling in non-
quilibrium (prior to equilibrium) could minimize this effect. In
act, at short sampling times, there is good agreement between the
ptake profiles at two concentration levels (Fig. 3B). It should be

ber and in a mixture of aldehydes at a concentration level of roughly 617 ± 185 ppbV.
7 ± 185 ppbV benzaldehyde (360 ± 108 ppbV formaldehyde and 1096 ± 329 ppbV
zaldehyde was introduced in the chamber and in a mixture with other gaseous
150 ± 45 ppbV of benzaldehyde in gaseous mixture (25 ± 7 ppbV formaldehyde and

V of benzaldehyde in mixture (360 ± 108 ppbV formaldehyde and 1096 ± 329 ppbV
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ig. 4. (A) Adsorption profiles at long sampling times of the following aldehydes in a
�) benzaldehyde 617 ± 185 ppbV. (B) Adsorption profiles at short sampling times o
f last profile, focusing on shorter sampling times): ( ) formaldehyde 360 ± 108 pp
rofile for the sum of oximes of different aldehydes in a gaseous mixture: ( ) forma

ept in mind that with 12 h sampling times, a certain desorption
f oximes and PFBHA (as stated in Section 3.1) can take place and
his could derive in a certain decrease of response for which no
orrection has been applied.

With the aim of looking more deeply into the processes tak-
ng place, tests with mixtures of the three analytes were carried
ut and the responses to the different analytes were followed
ndividually. The profiles obtained for formaldehyde and acetalde-
yde show a decrease in response with sampling times (Fig. 4A).
ig. 4B zooms into the previous profile focusing on shorter sampling
imes (up to 2 h). The above-mentioned decrease in response for
ormaldehyde and acetaldehyde can also be appreciated at shorter
ampling times. An additional test carried out to obtain more infor-
ation on this aspect was to significantly reduce the concentration

f all components in the mixture. Fig. 4C was obtained at con-
iderably lower concentration levels of the mixture components,
.e., formaldehyde, 25 ± 7 ppbV; acetaldehyde, 150 ± 45 ppbV; ben-
aldehyde, 150 ± 45 ppbV, and sampling time spans of over 2 h.
he decrease in response observed previously for formaldehyde
nd acetaldehyde is not observed in this plot. The response
btained for benzaldehyde increased significantly (if concentra-

ion differences are accounted for) with respect to the previous
lot.

The experiments carried out to this point verified the occurrence
f certain undesirable effects, reported in the literature, that could
egatively affect the quantitative determination of carboniles by

f
f
c
v
e

us mixture: ( ) formaldehyde 360 ± 108 ppbV; (�) acetaldehyde 1096 ± 329 ppbV;
llowing aldehydes in a gaseous mixture (window from the beginning of the x-axis
) acetaldehyde 1096 ± 329 ppbV; (�) benzaldehyde 617 ± 185 ppbV. (C) Adsorption
de 25 ± 7 ppbV; (�) acetaldehyde 150 ± 45 ppbV; (�) benzaldehyde 150 ± 45 ppbV.

PME. In the following sets of experiments, focus was placed on
nvestigating the conditions that would allow us to obtain single
dsorption profiles despite the composition of the gaseous sam-
le, a requirement for calibration. In the first of these tests, the
oncentrations of potentially interfering species in the determina-
ion of the target analytes were gradually increased to unusually
igh levels for atmospheric studies. The aim was to set upper lim-

ts to the concentrations of species that can potentially impair the
uantitative determination. Sampling was performed at very short
ampling times, the most advantageous conditions in kinetic stud-
es for obtaining enough samples to picture reaction profiles. Fig. 5
hows that at low concentration levels and low sampling times,
he occurrence of different adsorption profiles at different con-
entrations was avoided (agreement of adsorption profiles-GC-FID
esponse versus

∫
Cg dt). The points lay around a straight line cor-

esponding to the initial region of the adsorption profile, i.e., the
oints obtained before the plateau.

These very positive results were taken as the starting point for
eveloping calibration methods that can be applied in practice. A
et of experiments was designed as a test to check whether the
pplication of our methodology yielded the same calibration curve

or the pure compound (benzaldehyde) alone in the chamber as
or benzaldehyde in a mixture. This would avoid obtaining one
alibration curve when the composition of the gaseous mixture
aries, which would be the case if the different regressions (best-fit
quation) shared the same variances.
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Table 2
ANOVA test applied on a number of calibration curves obtained.

Replicate Equation R2 Number of points eliminated by
study of residuals

Total number
of points

F Sig. ˛ ˇ

Rep I Y = 0.404x + 26.344 0.97 0 10 309.9 0.000 0.000 0.006
Rep II Y = 0.5786x − 10.521 0.93 1 10 98.19 0.000 0.000 0.576
Rep.III Y = 0.404x + 38.955 0.89 0 8 48.17 0.000 0.000 0.066
Rep IV Y = 0.484x − 17.613 0.87 2 11 46.10 0.000 0.000 0.430

In a mixture
Rep. V Y = 0.535x − 5.599 0.96 1 12 227.8 0.000 0.000 0.587
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ombining all Y = 0.450x + 15.251 0.96 9
liminating last two (Rep III and
Rep IV, compound alone in the
chamber)

Y = 0.45x + 15.251 0.96 2

ANOVA was applied to the statistical validation of the test. Some
f the assumptions of the statistical test are summarised here for
ompleteness. According to this test, the initial assumption (all
egressions share the same variances) can be accepted if F is high
nd ˛ ≤ 0.05. This was applied to each of the calibration curves indi-
idually and to the assembly of the points obtained in the different
alibrations.

According to the statistical test, the optimum values for the coef-
cients would be:
lope a = 1;˛ = 0 (or ˛ ≤ 0.05).
-interceptb = 0;ˇ ≥ 0.95 (statistical requirement, experimentally ˇ ≥ 0.5 is accepted

The fulfilment of the first requirement constitutes the mathe-
atical proof of linearity while the second determines the need to

se a blank for calibration.
The test also integrates the outliers identified in the study of

esiduals. Points with a value of Z res > 1.96 have to be discarded,
n which case the whole validation has to be applied again to the
emaining points.
Four calibrations were obtained at short sampling times (15 s)
nd benzaldehyde alone in the gas matrix and one of benzaldehyde
n a mixture with the other gaseous analytes. The lower regression
oefficients correspond to calibrations performed with an older
bre, which was subsequently discarded. The statistical test was

ig. 5. Adsorption profile presented by benzaldehyde adsorbed on PDMS-DVB
5 �m fibres at three different levels of concentration and in two different situ-
tions in which the concentration of the rest of the components of the gaseous
ixture was doubled in two sets of experiments with respect to a first set. Sym-

ols represent the following concentrations of benzaldehyde: (×) 65 ± 19 ppbV, Day
; ( ) 125 ± 37 ppbV, Day 1; (�) 250 ± 75 ppbV, Day 1; (�) 65 ± 19 ppbV, Day 2;
�) 125 ± 37 ppbV, Day 2; (�) 250 ± 75 ppbV, Day 2; (+) 65 ± 19 ppbV, Day 3; (−)
25 ± 37 ppbV, Day 3. See Table 1 for the concentrations the remaining components
f the gaseous mixture on the different days.
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51 594.5 0.000 0.000 0.008
28 594.5 0.000 0.000 0.008

pplied sequentially, first to all curves and then to just those with
etter R2 values. Individually, all curves met the test requirements
lthough three of them showed the need to include a blank in the
alibration. When the test was applied to the assembly of all curves,
ine points had to be eliminated based on the study of residuals.
owever, the test permits eliminating up to 11 points (2/9 of the

otal number, which was 50). After proceeding in this way, the test
ielded a good combined R2 = 0.96 (corresponding to all the points
ncluded in the analysis).

When applied to just the three curves with the best R2 values,
nly two points had to be rejected (outliers), and the same value
f R2 (0.96) was obtained (again showing the need to include a
lank for calibration). Table 2 presents the results obtained in this
alidation. They prove that all the calibration curves obtained for
enzaldehyde – on its own and in a mixture – share homogeneous
ariances.

. Conclusions

The aim of this work was to assess the potential of SPME with
olid fibres to provide quantitative data. This study was focused on
he on-fibre derivatisation with PFBHA of a mixture of carbonile
ompounds in gaseous samples, products of a number of reac-
ions commonly studied in the degradation mechanisms of relevant
ompounds in atmospheric chemistry reactions. An important fact,
nd the starting point of this study, was that different adsorption
rofiles were obtained for the same compound at different concen-
ration levels [18].

The extractive capacity of adsorptive fibres is quite high, as can
e inferred from a number of facts, one of them being that increas-

ng exposure to the headspace of high concentration solutions of
erivatising agent, resulted in increasing mass adsorbed on the
bre. For this step a loading time of two minutes was chosen to
uarantee a sufficient excess of derivatiser to generate quantita-
ive results. The derivatising agent was loaded on the fibre in high
mounts, which kept increasing with loading time. Despite this,
he fibres could still bind the pure, underivatised analyte. There-
ore, it would seem that the apparent equilibrium/saturation could
e related to the way the analyte transfer takes place.

To ensure quantitivity, it is important to work at low concen-
ration levels and for low sampling times. These conditions are
pplicable and advisable in atmospheric studies. The tests carried
ut as part of the present work guarantee that the regressions per-
ormed in different experimental conditions and gaseous mixture
ompositions, share homogeneous variances. The experimental

rocedure is simplified by eliminating the need to calibrate at each
articular set of experimental conditions.

The tests were carried out in extreme conditions, i.e., the con-
entrations of analytes used were considerably higher than those
hat would be present in normal atmospheric conditions. This study
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hows that unwanted effects which could affect quantitivity in
ampling with SPME PFBHA on-fibre derivatisation, are unlikely to
ccur at realistic concentration levels in the air.

In addition, the decrease of fibre efficiency due to deterioration
r depletion of the polymeric phase of the fibre, was also subjected
o study in the present work as a potential aspect to impair quan-
itative analysis. While it is important to be aware of these facts,
he results provided were still within the methodology variability
etermined in this study.

cknowledgments

Financial support of the European Commission, Generalitat
alenciana and Fundació Bancaixa is gratefully acknowledged. The
uthor is grateful to Esther Borrás for helpful discussions on the sta-
istical model used to validate calibrations. This research work has
een funded by the program CONSOLIDER-INGENIO 2010 (Proyecto
raccie).

eferences

[1] A. Vairavamurthy, J.M. Roberts, L. Newman, Atmos. Environ. 26 (11) (1992) 1965.
[2] D. Riemer, P. Willer, P. Milne, C. Farmer, R. Zika, E. Apel, K. Olszyna, T. Kliendi-

enst, W. Lonneman, S. Bertman, P. Shepson, T. Starn, J. Geophys. Res. 103 (1998)
111–128.

[3] H.B. Singh, M. Kanakidou, P.J. Crutzen, D.J. Jacob, Nature 378 (1995) 50–54.
[4] H.B. Singh, et al., J. Geophys. Res. 99 (1994) 1805–1819.

[5] B.J. Finlayson-Pitts, J.N. Pitts Jr., Chemistry of the Upper and Lower Atmosphere,

Academic Press, San Diego, CA, 2000.
[6] R. Atkinson, J. Phys. Chem. Ref. Data, Monograph No. 2, 1–216.
[7] P.O. Wennberg, T.F. Hanisco, L. Jaeglé, D.J. Jacob, E.J. Hintsa, E.J. Lanzendorf, J.G.

Anderson, R.-S. Gao, E.R. Keim, S.G. Donnelly, L.A. Del Negro, D.W. Fahey, S.A.
McKeen, R.J. Salawitch, C.R. Webster, R.D. May, R.L. Herman, M.H. Proffitt, J.J.

[

[

ta 77 (2009) 1444–1453 1453

Margitan, E.L. Atlas, S.M. Schauffler, F. Flocke, C.T. McElroy, T.P. Bui, Science 279
(1998) 49–53.

[8] H. Nishikawa, T. Sakai, J. Chromatogr. A 710 (1995) 159.
[9] E. Koivusalmi, E. Haatainen, A. Root, Anal. Chem. 71 (1999).
10] K. Fung, D. Grosjean, Anal. Chem. 53 (2) (1981) 168–171.
11] P.A. Martos, J. Pawliszyn, Anal. Chem. 69 (1997) 206–215.
12] P.A. Martos, J. Pawliszyn, Anal. Chem. 70 (1998) 2311–2320.
13] J.A. Koziel, J. Noah, J. Pawliszyn, Environ. Sci. Technol. 35 (2001) 1481–1486.
14] E. Gómez Alvarez, J. Viidanoja, A. Muñoz, J. Hjorth, Environ. Sci. Technol. 41
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a b s t r a c t

Several methodologies have been used in clinical chemistry for real-time assessment of NADPH oxidase
primary product superoxide anion which dismutases to hydrogen peroxide. Among these methodologies,
isoluminol chemiluminescence (CL) is considered to be one of the more sensitive and reliable techniques
for the assessment of NADPH oxidase activity in neutrophils. The electrochemical technique was recently
designed and also applied for real-time detection of NADPH oxidase activity in neutrophils but its reli-
eywords:
eutrophils
LB 985
lectrochemistry
uperoxide

ability and sensitivity has not been investigated so far. In this study, isoluminol CL and electrochemical
techniques were investigated and compared by monitoring the generation of superoxide and hydrogen
peroxide in both PLB 985 cell line differentiated into neutrophil-like cells and human neutrophils. The
electrochemical technique was shown to be as sensitive as that of CL and able to detect the reactive oxy-
gen species (ROS) release of as low as 500 cells. Thus, the electrochemical technique could be used as an

nique
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ydrogen peroxide
hemiluminescence (CL)

alternative to optical tech

. Introduction

Chemiluminescence (CL) is a well-investigated diagnostic tool
ased on light active compounds excited by reactive oxygen species
ROS) release energy in the form of light [1]. In clinical chemistry
L is often used in the analysis and assessment of ROS produc-
ion in human neutrophils [2–5]. In a previous study carried out in
ur laboratory a novel, computerized, multi-sample, temperature-
ontrolled luminometer for a fiber array-based biosensor was built
o monitor circulating neutrophil activity. This fiber-based chemilu-

inescent sensor provides timely and clinically relevant diagnostic
nd management information for patients experiencing infection

6]. Several techniques were developed and applied to monitor
ellular ROS production like: photometry, fluorometry and lumi-
ometry. Among them the CL technique was shown to be sensitive,
asy to perform and specific for a particular oxygen metabolite [7].

Abbreviations: CL, chemiluminescence; DMSO, dimethyl sulfoxide; DPI,
iphenyleneiodonium chloride; FACS, fluorescence-activated cell sorter; MPO,
yeloperoxidase; HRP, horseradish peroxidase; KRP, Krebs Ringer phosphate buffer;

BS, phosphate-buffered saline; PH, peak height; PMA, phorbol myristate acetate;
T, peak time; ROS, reactive oxygen species; SOD, superoxide dismutase.
∗ Corresponding author at: Department of Biotechnology Engineering, Ben-
urion University of the Negev, P.O. Box 653, Beer-Sheva 84105, Israel.
el.: +972 8 6477182; fax: +972 8 6472857.
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s for the evaluation of extracellular ROS in phagocyte cells.
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ecently, an electrochemical amperometric technique was devel-
ped for real-time detection of extracellular hydrogen peroxide
eneration from neutrophils by measuring the current resulting
rom the oxidation of the electroactive species, hydrogen peroxide
8]. The electrochemical method can follow the activity of NADPH
xidase, a major enzyme in ROS generation principally produc-
ng superoxide anion which dismutases to hydrogen peroxide in
hagocyte cells [9,10].

Few research efforts have been dedicated to explore whether
lectrochemical techniques are sensitive and able to give reliable
esults for NADPH oxidase activity, as compared to that of the
ell-established CL technique. In order to approach this question,

he electrochemical and CL techniques were used to analyze the
ADPH oxidase activity in the human promyelocytic leukemia cell

ine PLB 985. PLB 985 cells do not have an active oxidative sys-
em but are capable of generating ROS after differentiation into
eutrophil-like phenotype, which is induced by dimethyl sulfoxide
DMSO) [11–13]. PLB 985 cells are able to develop NADPH oxidase
omponents during DMSO differentiation [14–16] but the enzyme
ctivity has not yet been fully characterized and compared to that of
uman neutrophils. In the CL technique, isoluminol was used as an

xtracellular chemiluminigenic probe, as the amino group localized
n the aromatic ring increases the molecule hydrophilicity pre-
enting it from crossing biological membranes [17]. An additional
eroxidase, such as horseradish peroxidase (HRP), is introduced to
he monitoring system for real-time detection of superoxide gen-
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ig. 1. Experimental design of extracellular superoxide and hydrogen peroxide detec
eactions which are involved in the light and current generation events are also des

ration, to amplify the light emission of isoluminol [18]. In the
lectrochemical technique, the amperometric setup was designed
o monitor and follow the release of hydrogen peroxide without
ny additives (Fig. 1).

This study compares the performances of the isoluminol CL
nd electrochemistry to detect NADPH oxidase activity in human
eutrophils and neutrophil-like PLB 985 cells by examining both
echniques kinetic parameters (reaction profile during measure-

ent time, total capacity to produce ROS, maximum velocity (Vmax),
esponse time and sensitivity).

. Experimental

.1. Separation of human neutrophils

Neutrophils were separated from the blood of healthy human
olunteers by the Histopaque (Sigma 10771) gradient technique.
ach 10-mL blood sample was mixed with 10 mL of phosphate-
uffered saline (PBS). The diluted blood samples were layered over
2.5 mL of Histopaque, at a density of 1.077 g/mL, followed by cen-
rifugation (400 × g) for 30 min at room temperature. Top layers
ere separated and the resulting pellet was diluted within PBS.
extran (Sigma D4876) solution of 0.9% salinity was added to the
iluted pellet to a final Dextran concentration of 1.5% and sedi-
entation was performed for 30 min. Then the separated volume
as centrifuged (400 × g) at 4 ◦C, followed by hypotonic lysis of

rythrocytes. The viability, determined by trypan blue (Biological
ndustries 031021B) assay, of the separated neutrophils was gener-
lly greater than 98%.

.2. Cell cultures

Human promyelocytic leukemia PLB 985 cells (generously
iven by Prof. Rachel Levy, Department of Clinical Biochem-
stry, Ben-Gurion University, Israel) were passed twice weekly
n RPMI medium (Sigma R8758) supplemented with 10% (v/v)
eat-inactivated fetal calf serum (Biological Industries 041211),
00 U/mL penicillin, 100 �g/mL streptomycin (Biological Industries

30311B), 2 mM l-glutamine (Biological Industries 030201C) and a
epes buffer (Biological Industries 030251B). The cells were incu-
ated in a humidified atmosphere at 37 ◦C containing 5% (v/v) CO2.

In order to induce neutrophil differentiation, PLB 985 cells were
eeded at 2.5 × 105 cells/mL in growth medium supplemented with

w
b
s
l
p

y the isoluminol CL and electrochemical techniques in phagocyte cells. The chemical
.

.25% (v/v) DMSO (Sigma D2650). The cells were allowed to differ-
ntiate for (4–6 days) without replacement of growth medium.

.3. Preparation of reagents and solutions

Krebs Ringer phosphate buffer (KRP) was composed of 119 mM
aCl, 4.75 mM KC1, 0.420 mM CaCl2, 1.19 mM MgSO4·7H2O,
6.6 mM sodium phosphate buffer, pH 7.4 and 5.56 mM glucose.
he following stock solutions were dissolved in KRP and kept at
20 ◦C: 200 U/mL of horseradish peroxidase (HRP) (Sigma P6782),
000 U/mL of superoxide dismutase (SOD) from bovine erythro-
ytes (Sigma S2515). The following stock solutions were dissolved
n DMSO and kept at −20 ◦C: 1 mM of phorbol myristate acetate
PMA) (Sigma P8139), 0.1 M of isoluminol (Sigma A8264), 1 mM
f diphenyleneiodonium chloride (DPI) (Sigma D2926). Hydrogen
eroxide (Sigma 323381) kept at 4 ◦C, diluted in KRP just before the
xperiment.

.4. Chemiluminescence measurement

CL was measured in a 96 microplate Luminoskan Ascent
Thermo Labsystems). Isoluminol was used to amplify the CL activ-
ty and diluted in KRP prior to the experiment. The reaction mixture
or CL in each well contained: cells in concentrations of 5 × 105 cells
er well, KRP buffer, different concentrations of isoluminol and
U/mL HRP. Each well contained 200 �L and the reaction mixture
as held in equilibration for 5 min at 37 ◦C. In order to activate the

ystem 20 �L of PMA (final concentration of 1 �M PMA per well)
ere added and CL kinetics were measured. Each sample was tested

wice. All measurements were carried out at a constant temper-
ture of 37 ◦C. The measurement interval was set from 1 to 60 s,
unning time up to 60 min. In addition, the total area under the
urve (AUC) was calculated and resembled the capacity of the cells
o generate ROS [4].

.5. Electrochemical measurements

The amperometric detection of extracellular hydrogen peroxide

as performed by PalmSens (Palm Instruments BV), a hand-held
attery-powered instrument for use with electrochemical sen-
ors. The instrument was equipped with a microprocessor having
ow noise and a low-current potentiostat controlling the applied
otential, and enabling measurement of the current response. The
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Table 1
The specificity of the amperometric and isoluminol-HRP CL techniques towards superoxide anion and hydrogen peroxide.

DPI inhibitor (10 �M) SOD scavenger (300 U/mL) Catalase scavenger (3000 U/mL) Control (no scavengers or inhibitors)

Isoluminol CL activity (% from control) 3 ± 1a 10 ± 3a 80 ± 4a 100
Amperometric activity (% from control) 3 ± 2a 235 ± 50a 40 ± 17a 100

Human neutrophils (5 × 105 cells) were activated with PMA and ROS production was measured in the presence of NADPH oxidase inhibitor (DPI) and in the presence of ROS
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cavengers (SOD or catalase). The activity of isoluminol–HRP CL and electrochemis
alues are means ± standard deviation (S.D.) of three experiments of the percenta
cavengers/inhibitors).

a p < 0.05 vs. control (no inhibition).

nstrument was operated by a suitable PC program (PSlite). A
andmade vial was designed and used for the hydrogen perox-

de measurements from phagocyte cells. This vial was set upon
creen-printed carbon electrodes. The working and counter elec-
rodes consisted of carbon and the reference electrode consisted of
ilver. The total volume of the reaction mixture was 200 �L inside
he electrochemical vial and contained 5 × 105 cells within KRP
olution. The reaction mixture was held in equilibrium at 37 ◦C for
min and, to activate the system 20 �L of PMA (final concentration
f 1 �M PMA) were added. The potential applied at the working
lectrode was 0.65 V vs. the reference electrode. At this potential,
ydrogen peroxide was oxidized on the working electrodes surface
nd the current was recorded and presented by the PSlite. A calibra-
ion curve of the current resulted with different concentrations of
ydrogen peroxide (0.1–200 �M) showing a linear graph tendency
R2 = 0.99). All H2O2 measurements were performed at 37 ◦C. The

easurement interval was 1 s and running time was up to 80 min.
he AUC was also calculated in the electrochemical technique.

.6. Determination of differentiation markers

Determination of a CD11b membrane marker was used to eval-
ate the percentage of functional neutrophil-like PLB 985 cells and
uman blood neutrophils [19] in the electrochemical and CL mea-
urements. Thus, all the CL and electrochemical measurements
ere normalized by the percentage of functional phagocyte cells.

he CD11b analysis was determined by flow cytometry: briefly,
ne million cells were harvested and centrifuged and washed with
old phosphate-buffered saline (PBS), pH 7.2. The pellet resus-
ended in 50 �L PBS, incubated for 30 min on ice with 10 �L
dilution 1:2) of monoclonal antibody:PE-labeled IgG1 mouse anti
uman CD11b (eBioscience 12-0018). After incubation the pellet
as washed twice and resuspended with 1 mL of cold PBS. The

nalysis was performed using a Fluorescence-activated cell sorter
FACS) (FACSvantage SE, BAKETLAB). Control experiments were
one with a PE-labeled isotype-specific irrelevant monoclonal anti-
ody (eBioscience 12-4714).

Only 3 ± 2% of the non-induced PLB 985 cells expressed a CD11b
arker. After 6 days of induction by DMSO, CD11b expression

ncreases dramatically to 86 ± 2% in neutrophil-like PLB 985 cells.
uman blood neutrophils expression of CD11b was 93 ± 1%.

. Results and discussion

.1. The specificity of isoluminol CL and electrochemical
echniques towards superoxide anion and hydrogen peroxide

Isoluminol without any additives had a minor detection signal

rom human neutrophils and the addition of HRP to the monitor-
ng system amplified the light response more than 10 times in our
xperiments, which correlates with a previous report [17]. Sev-
ral CL probes were sensitive to different oxygen radicals in the
xidative burst of neutrophils. Table 1 shows that the addition

m
v
t

as determined by calculation of the total area under the curves (light or current).
he activity (with the addition of scavengers/inhibitors) from the control (without

f 300 U/mL of the ROS scavenger enzyme, SOD, which catalyses
he dismutation of superoxide to hydrogen peroxide, inhibited the
ctivity of isoluminol–HRP CL, at a relatively high rate of 90% in
uman neutrophils. This inhibition proves the strong dependence
f the isoluminol-HRP system on superoxide anion as previously
eported [7]. But the addition of SOD into the electrochemical mon-
toring system increased the activity by more than half, implying
preference for hydrogen peroxide. In order to further strengthen

hese observations, 3000 U/mL of the ROS scavenger enzyme, cata-
ase, which catalyses the decomposition of hydrogen peroxide to
ater and oxygen, were introduced to both monitoring systems.

he activity of the isoluminol–HRP CL was almost not affected;
ut that of the electrochemical technique was decreased by 60%.
he role of NADPH oxidase in generating current or light in both
onitoring systems was tested by the addition of 10 �M of DPI,

n NADPH oxidase inhibitor, which abolished the activity of both
soluminol–HRP CL and electrochemical techniques (Table 1). DPI
as added to the reaction mixture after the activation of the cells
ith PMA since the inhibition mechanism of this compound is sig-
ificantly higher after the turnover of the enzyme [20].

.2. Isoluminol CL kinetics of human neutrophils and
eutrophil-like PLB 985 cells

Both electrochemical and CL techniques enable the detection
f ROS kinetic release from neutrophils but they are based on
ifferent chemical concepts (Fig. 1). In order to make a compar-

son between both techniques, analyses of the kinetic parameters
ere performed. Furthermore, the comparison between the kinetic
arameters of both techniques was examined on more than one
ell type (human neutrophils and neutrophil-like PLB 985 cells)
o better understand their performances regarding NADPH oxidase
ctivity. The isoluminol kinetics for superoxide detection of both
uman neutrophils and neutrophil-like PLB 985 are presented in
ig. 2. In both types of cells the concentration of the isoluminol
robe and the phorbol myristate acetate (PMA) stimulant was sim-

lar. In human neutrophils the peak of the CL response was higher,
nd was reached after a peak time (PT) of 3 min; in neutrophil-like
LB 985 cells the CL peak is lower, and was reached after a PT of
min. However, the duration response of neutrophil-like PLB 985
ells is longer, continuing over 40 min from cell stimulation. The
rea under the isoluminol CL curves (CL capacity) which reflects the
otal amount of ROS produced was calculated. Neutrophil-like PLB
85 cells ROS production was twice as much as human neutrophils
Fig. 2 inset).

.3. Electrochemical kinetics of human neutrophils and
eutrophil-like PLB 985 cells
The superoxide anion generated by the NADPH oxidase dis-
utases rapidly to hydrogen peroxide, easily measured directly

ia electrochemical detection. A calibration curve was prepared
o correlate between the apparent current in the system and the
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Fig. 2. Isoluminol CL of stimulated neutrophils and neutrophil-like PLB 985 cells.
5 × 105 cells in KRP were mixed with 56 �M of isoluminol and 5 U/mL of HRP and
stimulated with 1 �M of PMA. (�) Non-induced PLB 985 cells; (�) DMSO-induced
PLB 985 cells; (�) human neutrophils. The CL kinetic curve is a representative curve
out of three determinations which were analyzed from different blood donors. Inset
plot: Total isoluminol CL capacity of neutrophils (A), DMSO-induced PLB 985 cells (B)
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nd non-induced PLB 985 cells (C). Cells were mixed with 56 �M of isoluminol and
U/mL of HRP, activated with PMA and the light measurements were performed for
0 min to calculate the total area under the curves which resembles the CL capacity.
esults are presented as means ± S.D. of three determinations.

ydrogen peroxide concentration produced by the cells. Fig. 3
resents the concentration of hydrogen peroxide released from
uman neutrophils and neutrophil-like PLB 985 cells evaluated
y electrochemical detection. Similar to the isoluminol CL, the
eak of the hydrogen peroxide release is higher in the human

eutrophils case and also achieved faster compared to neutrophil-

ike PLB 985. Maximal hydrogen peroxide concentration is about
.5 �M in human neutrophils, achieved after PT of 6 min; whereby

n neutrophil-like PLB 985 cells, the maximal hydrogen perox-

ig. 3. Electrochemical detection of hydrogen peroxide release by stimulated neu-
rophils and neutrophil-like PLB 985 cells. 5 × 105 cells in KRP were stimulated with
�M of PMA during a constant voltage of 0.65 V. The current in the vial during

he time resulted in a transformation to a hydrogen peroxide concentration by cal-
bration curve. (�) Non-induced PLB 985 cells; (�) DMSO-induced PLB 985 cells;
�) human neutrophils. The electrochemical kinetic curve is a representative curve
rom three determinations which were analyzed from different blood donors. Inset
lot: Total hydrogen peroxide capacity of neutrophils (A), DMSO-induced PLB 985
ells (B) and non-induced PLB 985 cells (C). Hydrogen peroxide from stimulated cells
as measured during a constant voltage of 0.65 V for 90 min to calculate the total

rea under the curves which resembles the hydrogen peroxide capacity. Results are
resented as means ± S.D. of three determinations.
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de concentration is almost 4.5 �M, achieved after PT of 25 min.
owever, the difference between the PT in the electrochemical
etection is much higher than the isoluminol CL response. PMA
timulant causes specific degranulation with full activation of the
hagocyte redox metabolism [3]. Thus, there is also degranulation
f hydrogen peroxide consuming enzymes, such as myeloperoxi-
ase (MPO), to the extracellular matrix. This resulted in the levels
f hydrogen peroxide detected by the electrode being the differ-
nce between hydrogen peroxide generation and consumption by
ADPH oxidase and MPO, respectively. DMSO-induced promyelo-
ytic leukemia cell lines have several deficiencies in MPO activity
21,22]. These findings may explain the delayed hydrogen peroxide
T in DMSO-induced PLB 985 cells. In addition, the decomposi-
ion rate of hydrogen peroxide is much lower in DMSO-induced PLB
85 cells compared to human neutrophils (Fig. 3). This observation
orrelates with the hypothesis regarding MPO-deficient activity in
MSO-induced PLB 985 cells. Besides the detection of NADPH oxi-
ase metabolite, hydrogen peroxide, the electrochemical technique
as shown to give information regarding hydrogen peroxide con-

uming enzymes. In the amperometric detection the area under
he curve (hydrogen peroxide capacity) was also calculated for
eutrophil-like PLB 985 cells and human neutrophils (Fig. 3 inset)
nd was approximately twice as much as human neutrophils. This
endency correlates with that of isoluminol CL.

.4. Isoluminol CL and electrochemical kinetic parameters
valuation

Stimulated NADPH oxidase in phagocyte cells generates super-
xide and hydrogen peroxide; in the isoluminol CL technique at
east some of the superoxide yields electronically excited products

hich relax with photon emission. The luminescence velocity can
e determined by

= dhv
dt

= PH
PT

(1)

he velocity is expressed by photons or RLU per minute and can be
alculated in the isoluminol system by peak height (PH) divided by
he PT [4]. In both human neutrophils and neutrophil-like PLB 985
ells, the increasing concentrations of isoluminol were followed
y increasing PH in the CL response. Based on previous publica-
ions [23–25] the theory of Henri–Michaelis Menten was chosen to
uild and describe the (isoluminol probe)–(phagocyte)–(CL), like
(substrate)–(enzyme)–(product) condition. Isoluminol was con-

idered as a substrate for the Henri–Michaelis Menten analysis. The
ouble reciprocal plot describing CL velocity vs. isoluminol con-
entrations is presented in Fig. 4B for both human neutrophils and
eutrophil-like PLB 985 cells. Maximum velocity value assigned by
max of the CL response, is calculated from the plot, Fig. 4B shows
he Vmax of human neutrophils is 3.8 times higher than the Vmax

f neutrophil-like PLB 985 cells. Since isoluminol CL is superox-
de dependent (Fig. 2), the ratio value could be correlated with
he activity rate of NADPH oxidase in human neutrophils, when
ompared to the same in PLB 985 cells. Henri–Michaelis Menten
nalysis can also be applied to the electrochemical technique, if
xamining the linear increase in hydrogen peroxide during the first
inutes after PMA stimulation, when the oxidase is in full capac-

ty to produce hydrogen peroxide. Unlike the isoluminol CL, the
mperometric detection enables direct measurement of hydrogen

eroxide which is a product of the oxidase. The velocity of the
lectrochemical response can be determined by

= d[H2O2]
dt

(2)
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Fig. 4. (A) Double reciprocal plot† for electrochemical velocity vs. hydrogen per-
oxide concentrations. The maximum velocity (Vmax

‡) is given by [H2O2 �M]/min.
(�) DMSO-induced PLB 985 cells and (�) human neutrophils. (B) Double reciprocal
plot† for isoluminol velocity vs. isoluminol concentrations. The maximum velocity
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Vmax ) is given by RLU/min. (�) DMSO-induced PLB 985 cells and (�) human neu-
rophils. †Both reciprocal plots are representative of three different experiments.
The given values of Vmax are average values from three different experiments which
ere analyzed from different blood donors or different differentiation experiments.

he velocity presents the hydrogen peroxide concentration per
ime unit. The double reciprocal plot for the velocity vs. hydro-
en peroxide concentrations is shown in Fig. 4A for both human
eutrophils and neutrophil-like PLB 985 cells. In that case, the
max of human neutrophils is 2.1 times higher than the Vmax of
eutrophil-like PLB 985 cells. The difference between the ratio
f Vmax in the electrochemical and chemiluminescent techniques

ay be caused by differences in the yield of converting super-

xide into hydrogen peroxide in different phagocyte cells. In the
ase of human neutrophils the hydrogen peroxide production rate
Vmax) was 84 nmole/h per 106 cells (Fig. 4A). This value is close to a
revious report about human neutrophils [8]. In the case of DMSO-

T
S

able 2
he sensitivity of the electrochemical and isoluminol CL techniques to detect ROS in hum

Isoluminol CL

Human neutrophils DMSO-induced PLB

esponse time (s)* 8 ± 2 32 ± 3
imit of detection† 500 cells

Response time is determined by the time lag from the stimulation of 5 × 105 cells by 1 �M
verage of three different determinations ± S.D. †The limit of detection is the lower numbe
ial without cells was used as a negative control.
77 (2009) 1460–1465

nduced PLB 985 cells the hydrogen peroxide generation rate (Vmax)
f 41 nmole/h per 106 cells (Fig. 4A) was found and reported for the
rst time.

.5. Isoluminol CL and electrochemical techniques sensitivity

Since it was already shown that the electrochemical and iso-
uminol CL methods can detect and follow the principle products
f NADPH oxidase (superoxide and hydrogen peroxide), further
nalysis was made regarding the sensitivity of these two real-time
echniques. Table 2 summarizes the dynamic parameters used for
etection in the electrochemical and CL techniques. Response time
as defined as the lag time starting from the stimulation of the

ells until the first increase in the measuring signal in both detect-
ng systems (light or current). The response time of isoluminol CL
as shown to be faster than the electrochemical technique in both
eutrophils and DMSO-induced PLB 985 cells. In addition, DMSO-

nduced PLB 985 cells are slower in response time than human
eutrophils in both measuring techniques. Despite the extended
esponse time of the electrochemical technique, the ratio between
esponse time of electrochemistry and CL technique was similar for
oth neutrophils and PLB 985 (Table 2). Thus, the extended elec-
rochemical response time can be explained by the order of kinetic
eactions (superoxide generated before hydrogen peroxide) and not
y low sensitivity of the electrochemical detection. The detection
imit is also calculated in both techniques by reducing the num-
er of cells in the measuring vial until there is no further kinetic
esponse. Table 2 shows that both electrochemical and CL tech-
iques were able to measure the kinetic response in as low as 500
ells.

. Conclusions

Finally, the isoluminol CL and electrochemical techniques were
hown to follow the release kinetics of superoxide anion and hydro-
en peroxide, respectively, in phagocyte cells. More importantly, a
uantitative approach has been applied to monitor the extracel-
ular NADPH oxidase activity in both neutrophil-like PLB 985 cells
nd human neutrophils. The CL is a well-known technique used
n many laboratories around the world for real-time assessment
f ROS production from phagocyte cells due to its sensitivity, fast
esponse time and low noise levels. The principle of detection is
ased on several compounds, that after being excited by different
xygen radicals, release energy (light). This study shows that the
lectrochemical technique could be used as an alternative for real-
ime assessment of ROS production from phagocyte cells as it is
ensitive and gives comparable results to that of CL and enables
irect measurements without any additives.
This Research was supported by the Institute for Future Defense
echnologies Research at the Technion named for the Medvedi,
hwartzman and Gensler families. The authors would like to thank

an neutrophils and DMSO-induced PLB 985 cells.

Electrochemistry

985 Human neutrophils DMSO-induced PLB 985

17 ± 6 52 ± 12
500 cells

PMA until the increase of the first signal (light/current). Results are presented as
r of cells that gives a kinetic response after stimulation with 1 �M PMA. A reaction
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a b s t r a c t

The cloud point extraction (CPE) preconcentration of ultra-trace amount of mercury species prior to
reverse-phase high performance liquid chromatography (HPLC) with inductively coupled plasma mass
spectrometry (ICP-MS) detection was studied. Mercury species including methyl-, ethyl-, phenyl- and
inorganic mercury were transformed into hydrophobic chelates by reaction with sodium diethyldithio-
carbamate, and the hydrophobic chelates were extracted into a surfactant-rich phase of Triton X-114 upon
heating in a water bath at 40 ◦C. Ethylmercury was found partially decomposed during the CPE process,
and was not included in the developed method. Various experimental conditions affecting the CPE precon-
centration, HPLC separation, and ICP-MS determination were optimized. Under the optimized conditions,
detection limits of 13, 8 and 6 ng l−1 (as Hg) were achieved for MeHg+, PhHg+ and Hg2+, respectively.
Seven determinations of a standard solution containing the three mercury species each at 0.5 ng ml−1
HPLC

ICP-MS
Water samples
B

level produced relative standard deviations of 5.3, 2.3 and 4.4% for MeHg+, PhHg+ and Hg2+, respectively.
The developed method was successfully applied for the determination of the three mercury species in
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. Introduction

It is well known that the toxicity of mercury is highly dependent
n its chemical forms, and alkylmercury compounds are deemed to
e the most toxic substances among the various mercury species.
he determination of mercury species in environmental and bio-
ogical samples has attracted much attention of chemical analysts
1–3].

The common analytical techniques used for mercury specia-
ion are based on coupling chromatographic separation to mercury
pecific detection [4–7]. Compared with gas chromatography, high
erformance liquid chromatography (HPLC) is the preferred sepa-
ation technique used for mercury speciation, because the mercury

pecies need not to be derived to volatile compounds before
PLC separation. Thus, HPLC has been coupled to various atomic

pectrometric techniques for mercury speciation in the past sev-
ral decades [2–4]. Since the concentration of mercury species

∗ Corresponding author. Tel.: +86 571 88206773; fax: +86 571 88206773.
E-mail address: hwchen@zju.edu.cn (H. Chen).
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nd biological samples of human hair and ocean fish.
© 2008 Elsevier B.V. All rights reserved.

n non-polluted environmental and biological samples is usu-
lly at tens ng l−1 or pg g−1 levels, inductively coupled plasma
ass spectrometry (ICP-MS) is, among various elemental spe-

ific detection techniques, the most preferable detection technique
or mercury speciation due to its excellent detectability for mer-
ury [8–10]. Thus, various coupled HPLC–ICP–MS systems [11–21]
ave in recent years been reported for the determination of mer-
ury species in environmental or biological samples since the first
ork reported by Bushee [18]. Even so, determination of mercury

pecies in water samples with HPLC–ICP–MS is still challenging,
ecause the detection limits of mercury species obtained by the
PLC–ICP–MS are usually in the range of 0.x–0.0x �g l−1. There-

ore, preconcentration of mercury species prior to HPLC–ICP–MS
etermination is sometimes required. It has been reported that
olid-phase extraction preconcentration of mercury species with
iethyldithiocarbamate-immobilized C18 [12] or dithiocarbamate

esin [19], and of insoluble diethyldithiocarbamate chelates of mer-
ury species [11] with C18 before HPLC–ICP–MS determination
owered the detection limits down to several ppt levels.

Cloud point extraction (CPE) [22–23], which is based on the
emperature induced phase-transfer of non-ionic surfactants in
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Table 1
Operational parameters of the HPLC–ICP–MS system.

HPLC part
Column Discovery C18, 4.6 mm i.d. × 15 mm,

5 �m
Mobile phase 35% methanol–40% acetonitrile–25%

water containing 1.0 × 10−4 mol l−1

DDTC
Flow rate of the mobile phase 0.8 l min−1

Sampling volume 20 �l

ICP-MS part
Forward power 1500 W
Reflect power <5 W
Spray chamber temperature −5 ◦C
Plasma gas and its flow rate Ar, 15 l min−1

Auxiliary gas and its flow rate Ar, 0.2 l min−1

Carrier gas and its flow rate Ar, 0.5 l min−1

Make up gas and its flow rate Ar, 0.4 l min−1

Optional gas and its flow rate Ar/O2 = 4:1 in volume, 0.3 l min−1

Sampling depth 11 mm
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queous solution, is an efficient and analyst/environment-friendly
lternative for sample pretreatment. Compared with conventional
olvent extraction, it greatly reduces the extraction time, sol-
ent consumption and waste-disposal costs. Thus, CPE has in
ecent years been used for preconcentration of various trace
etal ions with posterior quantification by an atomic spectro-
etric technique [23]. However, only a few works have been

eported on CPE preconcentration of mercury species. de Wuil-
oud et al. [24] reported a CPE approach for preconcentration
f trace inorganic mercury in tap water samples with chelat-
ng reagent 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol and
on-ionic surfactant polyethyleneglycolmono-p-nonylphenylether
rior to flow injection cold vapor generation inductively coupled
lasma optical emission spectrometry, and achieved a detection

imit of 4 ng l−1 inorganic mercury. Li and Hu [25] developed a
on-chromatographic technique for the speciation of methylmer-
ury and inorganic mercury in seafood by sequential CPE combined
ith inductively coupled plasma optical emission spectrometry,

btaining the detection limits of 56.3 and 94.6 ng l−1 for Hg2+ and
eHg+ (as Hg), respectively. Yin [26] reported a dual CPE tech-

ique for capillary electrophoresis (CE) speciation of mercury. In
heir method, mercury species were first extracted into Triton X-114
urfactant-rich phase as hydrophobic 1-(2-pyridylazo)-2-naphthol
PAN) chelates, which were then back extracted to aqueous phase
y forming hydrophilic mercury complexes of cysteine. Using a
E system with UV detector for posterior separation and deter-
ination, the author reported detection limits of 47.5, 45.2, 4.1,

nd 10.0 �g l−1 (as Hg) for methyl-, ethyl-, phenyl-, and inorganic
ercury, respectively. Yu [27] developed a CPE approach for pre-

oncentration of methyl-, ethyl-, phenyl-, and inorganic mercury
pecies as their pyrrolidinedithiocarbamate (APDC) chelates prior
o HPLC–cold vapor generation-atomic fluorescence spectrome-
ry (CV-AFS) for speciation of mercury in fish. The author claimed
etection limits ranging from 2 to 9 ng l−1 (as Hg) for the methyl-,
thyl-, phenyl-, and inorganic mercury. To the best of our knowl-
dge, however, no report about coupling of CPE preconcentration
o HPLC–ICP–MS for speciation of ultra-trace mercury has been
ublished.

The purpose of the present work is to develop a sensitive,
nalyst/environment-friendly and cost-effective method for the
etermination of ultra-trace mercury species in environmental
aters and biological samples by coupling CPE preconcentration

o HPLC–ICP–MS system.

. Experimental

.1. Instrumentation

A model 7500a ICP-MS (Agilent, USA) was used in this work.
n Agilent 1100 HPLC system (Agilent, Germany) consisted of a
egassing system, a triple-gradient pumping system and a Rheo-
yne Model 7725 injection valve was employed. Separation was
erformed on a Discovery C18 column (4.6 mm i.d. × 15 mm, 5 �m)
Supelco, PA, USA). The outlet of the LC column was directly con-
ected to the sample introduction system of ICP-MS via a 30 cm
f 0.18 mm i.d. Teflon tubing. The optimized chromatographic
nd ICP-MS operating conditions are summarized in Table 1. The
PLC–ICP–MS system worked at time resolved analysis mode, and
oftware B 03.03 ICP-MS chemstation was used to control the sys-

em, and the collected data were processed with the Version C.
1.00 Chromatographic Data Analysis software provided by the
anufacturer.
A Biofuge Primo R7500 centrifuge (Kendro laboratory, GmbH,

anau, Germany) was used to accelerate the phase separation dur-

t
b
r
1
w

Monitoring masses Hg, m/z = 202
Acquisition mode Time resolved analysis
Integration time 1 s

ng CPE. All the vessels used for trace analysis were soaked in 10%
itric acid for 24 h and subsequently rinsed at least three times with
ure water.

.2. Reagents

All reagents were of analytical or better grade, and pure
ater (18.2 M� cm) obtained from MILLI-Q elemental-grade water
urification system (Millipore Corp., Molsheim, France) was used
hroughout the work. Triton X-114 (>93%) was obtained from Acros
rganics (New Jersey, USA) and used without further purification. A
.05 mol l−1 sodium diethyldithiocarbamate (DDTC) was prepared
y dissolving the reagent (Shanghai No. 3 Reagent Factory, China) in
ethanol–water (1:1, v/v). Methanol and acetonitrile (HPLC grade)
ere obtained from Tedia (Tedia Inc., OH, USA).

A stock standard solution of 1000 mg l−1 Hg2+ prepared in 5%
itric acid was obtained from National Standard Material Cen-
er (GSB G 62069-90, Beijing, China). Stock standard solutions of

eHg+, EtHg+, and PhHg+ at 1000 mg l−1 (as Hg) were prepared
y individually dissolving appropriate amounts of methylmer-
ury chloride (�95%), ethylmercury chloride(�95%), both from Alfa
esar (A Johnson Matthey Company, MA, USA), and phenylmer-
uric acetate (98%, Acros Organics, New Jersey, USA) in methanol,
espectively. All these stock solutions were stored in plastic bot-
les and kept at 4 ◦C. Working standard solutions were prepared
rom the corresponding stock solutions by stepwise dilution with
ater just before use. Standard reference material of human hair
as obtained from National Standard Material Center (GBW 07601,
eijing, China), and the ocean bonito fish was purchased from local
cean fish market.

.3. Procedure for cloud point extraction

Aliquots of 25 ml water samples or standard solutions were
ipetted to 50 ml plastic centrifuge tubes. Then, 1 ml of 0.05 mol l−1

orate buffer (pH 9.0), 0.4 ml of 5% Triton X-114 and 0.4 ml of
.05 mol l−1 DDTC were sequentially added and completely mixed
ith the sample or standard solutions. The centrifuge tubes con-
aining the mixed solutions were heated in a thermostatic water
ath at 40 ◦C for 10 min. Separation of the aqueous and surfactant-
ich phases was accomplished by centrifuging at 4000 rpm for
0 min. The supernatant aqueous waste in the tubes was removed
ith a pipette. Then, 0.5 ml of methanol was added to dilute the
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supplemented by the optional gas on the other hand. The influence
of sampling depth ranging from 9 mm to 13 mm on the signals of
the mercury species was also investigated. It was found that the
sampling depth did not significantly affect the ion signals despite
J. Chen et al. / Talan

urfactant-rich phase. After mixing, the diluted surfactant-rich
olutions were ready for mercury speciation by HPLC–ICP–MS. If
he prepared concentrates were not immediately subjected to the
etermination, they were stored in refrigerator (4 ◦C).

.4. Sample preparation

.4.1. Water sample
Water samples were subjected to the analysis soon after their

ollection. Before CPE, they were filtered through a membrane of
.45 �m pore size, and the filtrated water was adjusted to pH 8–9
ith a dilute sodium hydroxide solution. A 25 ml aliquot of the
ater sample was pipetted into centrifuge tube and subjected to

he CPE as described in the above section. If the water samples were
ot analyzed after collection, they should be acidified to pH < 2 with
ilute hydrochloric acid and stored at −4 ◦C.

.4.2. Biological sample
An improved sonication-assisted acid leaching procedure was

dopted from Ref. [27]. About 0.1 g human hair (a standard refer-
nce material) or 0.2 g mashed and homogenized fish sample was
ccurately weighed into a 50 ml plastic centrifuge tube. Then 3 ml
f 5 mol l−1 HCl was added, extraction was performed in sonicated
ater bath for 30 min at room temperature. After centrifugation,

he clear supernatant was collected into another 50 ml plastic cen-
rifuge tube. The residue was extracted again as described above,
nd the supernatant was combined with the first one. The residue
as then extracted with 5 ml pure water for 30 min at room tem-
erature under sonification, and the supernatant water was again
ixed with the combined acidic supernatant. After vortex mix-

ng, the extractant solution was filtered through a membrane of
.45 �m pore size into a 100 ml volumetric flask, and diluted to
he mark with water. A 25 ml aliquot of the prepared solution was
ipetted to a 50 ml plastic centrifuge tube, and then subjected to
PT as described in Section 2.3.

. Results and discussion

.1. Optimization of the HPLC–ICP–MS system coupled with CPE

In the previously reported works on coupling reversed-phase
PLC to ICP-MS for mercury speciation, the mobile phases were
sually the aqueous solutions containing ammonium acetate
uffer, methanol or acetonitrile and complex reagent such as
-mercaptoethanol and cysteine that was used to on-column trans-
orm the mercury species to their corresponding complexes. The
otal content of methanol or acetonitrile in the mobile phase
as usually less than 3%, so that stable plasma discharge could
e maintained. Such type of mobile phase provided appropriate
lution strength for the 2-mercaptoethanol or cysteine com-
lexes of mercury species, because these complexes were quite
ydrophilic. Nevertheless, such a mobile phase is not suitable
or the present work, because CPE preconcentration of mercury
pecies requires the water-soluble mercury species be transformed
o water-insoluble chelates with suitable chelating reagent, and the
ubsequent separation of such hydrophobic chelates with reverse-
hase HPLC needs a mobile phase with high organic solvent content
28]. In our tests, when a methanol–water binary solvent sys-
em containing 70% methanol was used, it took about 30 min to
lute the most hydrophobic DDTC chelate of Hg2+, Hg(DDTC)2,

ut of the column. When a ternary mobile phase containing 40%
ethanol–40% acetonitrile–20% water was used at the flow rate

f 0.8 ml min−1, the DDTC chelates of MeHg+, EtHg+, PhHg+ and
g2+ were eluted within 10 min, with the peaks for EtHg+ and
hHg+ being partially overlapped. Baseline separation of the four
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pecies was achieved within 14 min when a mobile phase of 35%
ethanol–40% acetonitrile–25% water running at the same flow

ate was used. Thus, this ternary system was used as the optimized
eparation condition in the following work.

Since the HPLC eluant was directly introduced into the ICP
ource, the use of mobile phase with high organic content would
reate problems of plasma instability and carbon particle deposi-
ion in the sampling and skimming cones. To solve these problems,
ome special measures were adopted in the present work. Firstly,
lasma forward power as high as 1500 W was used to maintain sta-
le plasma discharge. Secondly, temperature of spray chamber was
ept at −5 ◦C with the help of a Peltier cooling system to remove as
uch organic solvent as possible from the sample aerosol. Thirdly,

n optional gas flow containing oxygen was applied to reduce the
isk of carbon deposition on the surface of sampling cone [29]. It
as observed that the color of the plasma was green when a stan-
ard solution of Hg2+ prepared with a mobile phase containing 35%
ethanol and 40% acetonitrile was aspirated into the plasma with-

ut the optional gas flow. Under this condition, carbon deposition
ccurred on the sampling cone after the solution was continuously
spirated for less than 10 min. While an optional gas (argon contain-
ng 20% O2) was applied and its flow rate gradually increased from
to 0.4 l min−1, the color of the plasma turned from green to light
lue. As shown in Fig. 1, the signal of mercury increased with the

ncrease of the optional gas flow up to 0.2 l min−1 after which grad-
ally decreased, meanwhile the background detected at 206Pb was
ontinuously depressed with the increase of the optional gas flow.
s a result, the signal-to-noise ratio of mercury reached maximum
t the optional gas flow rate of 0.3 l min−1. Under this condition,
arbon deposition could hardly be observed on the sampling cone
fter the HPLC–ICP–MS system had been run with a mobile phase
ontaining 35% methanol and 40% acetonitrile for a period of more
han 8 h.

At the conditions of the plasma forward power being kept at
500 W and optional gas flow rate at 0.3 l min−1, the nebulizer gas
ow rate and sampling depth were optimized respectively. The
aximum signals for the mercury species reached at the flow rate

f 0.5 l min−1 that was lower than the previously reported ones
13,15]. This may be ascribed to that the eluant introduced into
he nebulizer contained a high content of organic solvent on one
and, and that the total carrier gas flow for aerosol delivery was
ig. 1. Effect of operation gas flow rate on the mass signals of mercury. 10 �g l−1

g2+ in the 35% methanol-40% acetonitrile-25% water was directly aspirated into the
ebulizer of the ICP-MS system.�, mass signals of mercury;�, background observed
ith the m/z 206. The insert shows the effect of the operation-gas flow-rate on the

atio of signal to noise (S/N). Other operational conditions for ICP-MS were the same
s described in Table 1.
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Fig. 2. Chromatograms of HPLC-ICP-MS analysis for mercury species after CPE.
(a) ethylmercury alone; (b) methyl-, ethyl-, phenyl- and inorganic mercury. The
concentration of each mercury species was 1 �g l−1 (as Hg) in all the tests. Exper-
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shown in Fig. 2a, the first peak with the retention time of about
8 min was assigned to the DDTC–EtHg species, while the second
one possessed the same retention time as Hg(DDTC)2. For compar-
ison, the chromatogram obtained with a mixed solution of the four
mercury species was shown in Fig. 2b. The Hg(DDTC)2 species was

Fig. 3. Effects of chemical conditions for the CPE on the HPLC-ICP-MS signals of the
mercury species. (a) The influence of pH. Buffers: pH3-5, phthalate; pH6-7, phos-
mental conditions for CPE: acidity of the medium, pH 9.0; DDTC concentration,
× 10−4 mol l−1; Triton X-114 concentration, 0.08% (w/v); incubation temperature
nd time, 40 ◦C for 10 min. The operational conditions for HPLC separation and
CP-MS detection were described in Table 1.

hat the highest signals for the three species were observed in the
ampling depth of 11 mm that was adopted for the determinations.

.2. Cloud point extraction

CPE is based on the temperature induced phase-transfer phe-
omenon of non-ionic surfactants in aqueous solution. When a
on-ionic surfactant micelle solution is heated to above its cloud
oint temperature, the solution becomes turbid. With centrifuga-
ion, the turbid solution may be separated into two liquid phases:
surfactant-rich phase (usually with small volume of several hun-
red micro litres) and another aqueous phase. Hydrophobic species

n the sample solutions can be solvated into the non-ionic sur-
actant micelle phase, and enriched in the surfactant-rich phase
pon the phase transferring. For CPE preconcentration of trace
etal species, the water-soluble metal ions should be transferred

nto water-insoluble chelates via complex with a suitable chelat-
ng agent. Therefore, the CPE efficiency for metal species mainly
epends on the behavior of the non-ionic surfactant and the com-
lex formation between the metal ion and chelating agent. In the
resent work, Triton X-114 was selected as the non-ionic surfactant

or CPE of the mercury species due to its low cloud point tem-
erature (∼25 ◦C), which was in favor of the phase transition at
elative low temperature (30–40 ◦C) to prevent the mercury species
nd their chelates from discomposing during the incubation step.
DTC was used as the chelating agent, because it can quickly com-
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lex to mercury species with favorable formation constants and to
orm water-insoluble chelates, whereas the agent itself is highly
ater-soluble.

.2.1. Stability of the mercury species
In the previously works on CPE preconcentration of mercury

pecies with chelating reagent of either PAN [26] or APDC [27]
rior to CE separation with UV detection [26] or HPLC separation
ith CV-AFS detection [27], no observation on the decomposition

f the mercury species has been reported. However, in our tests
n CPE of the mercury species with DDTC, EtHg+ was found par-
ially decomposed. It was observed that two fully resolved peaks
ppeared in the chromatogram when a test solution containing sin-
le EtHg+ was subjected to CPE and subsequent HPLC–ICP–MS. As
hate; pH 8-10, borate. Except for the medium pH, all other experimental conditions
ere the same as in Fig 2. (b) Influence of DDTC concentration. Except for the DDTC

oncentration, all other experimental conditions were the same as described in Fig
. (c) Influence of Triton X-114 concentration. Except for the concentration of Tri-
on X-114, all other experimental conditions were the same as described in Fig 2. �,

eHg; �, PhHg; �, Hg2+.
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Table 2
Analytical performances of the HPLC–ICP–MS system for the determination of mercury species after cloud point extraction.

Analytical performances MeHg+ PhHg+ Hg2+

Retention time (min) 6.24 9.22 13.38
The numbers of theoretical plates 2.8 × 104 3.1 × 104 3.2 × 104

Enhancement factora 18 46 57
Detection limits (ng l−1) 13 8 6
Dynamic linear range (�g l−1) 0.02–2.00 0.02–2.00 0.02–2.00
Linear regression equationb I = 140637c + 3206 I = 430316c + 6728 I = 469354c + 198
Correlation coefficient 0.9986 0.9998 0.9999
Relative standard deviation (%) (0.5 �g l−1, n = 7) 5.3 2.3 4.4
(
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0.05 �g l−1, n = 3) 14.2

a The ratio of sensitivities observed with HPLC–ICP–MS of DDTC chelates of the m
b I, peak area; c, concentration in ng ml−1.

hought to be transformed from the DDTC–EtHg, which might be
nstable under the experimental conditions, and the ethyl group of

hich could be substituted by the excess DDTC. The decomposi-
ion also occurred when the chelating reagent DDTC was replaced
y APDC. Neither MeHg+ nor PhHg+ was found decomposed during
he CPE process. Langseth [28] reported, in his study on HPLC spe-
iation of mercury species after solvent extraction of the species
s alkyldithiocarbamate chelates, that the organomercury com-
ounds partly decomposed to Hg2+ when extracted from acidic
olution, being most pronounced for PhHg+ and hardly observable
or MeHg+, but the extraction from basic solution, for instance in pH
.5 medium, was quantitative. In the present CPE system where the
xtraction was performed in pH 9.0, the decomposition of EtHg+

ould most possibly be ascribed to the heating process for phase
solation. Detail study on the mechanism of the decomposition of
he mercury compound during CPE is currently progressing. Since
tHg+ seldom exists in non-polluted waters and biological samples,
t was then excluded from the analyte list of the present study.

.2.2. Optimization of experimental conditions for CPE
In the present study, the effect of experimental conditions such

s sample acidity, DDTC concentration and Triton X-114 concentra-
ion on the CPE efficiency were investigated and optimized based
n univariate design. Considering that the formation and precipi-
ation of surfactant-rich phase is mainly depends on the behavior
for instance the cloud point temperature) of the employed non-

onic surfactant, such conditions as the temperature (40 ◦C) and
ime duration (10 min) used for incubation of the test solutions
nd that for centrifugation of the surfactant-precipitated suspen-
ion were directly adopted from our previous work [30] where the
on-ionic surfactant and sampling volume used for CPE preconcen-

f
3
o
s
o

able 3
nalytical results of the mercury species in water samples and of the spike-recovery tests

ater sample Spiked (�g l−1)

MeHg+ PhHg+ Hg2+

ap water – – –
0.050 0.050 0.050
0.50 0.50 0.50

ater from Beidou River – – –
0.10 0.10 0.10
1.00 1.00 1.00

ater from Baixi Reservoir – – –
0.10 0.10 0.10
1.00 1.00 1.00

eawater from Bailun coast – – –
0.020 0.020 0.020
2.00 2.00 2.00

D: not detected.
11.4 19.5

y species after and before CPE.

ration were the same as used in the present work. The influence
f acidity on the HPLC–ICP–MS signals of the MeHg+, PhHg+ and
g2+ was investigated in the range of pH 3–10 while the DDTC
nd Triton X-114 concentrations in the CPE media were kept at
× 10−4 mol l−1 and 0.08%, respectively. As shown in Fig. 3a, the
PLC–ICP–MS signals for the three mercury species increased with

he increase of pH value up to 6, thereafter they were approximately
ept at the same levels. Considering that the chelating reagent
DTC is much more stable in slightly alkaline medium than in acidic
r neutral medium [31], pH 9.0 was finally selected for CPE of the
ercury species and a borate buffer was used to control the acid-

ty of the CPE medium. While the pH of the CPE media was kept
t pH 9.0 and Triton X-114 concentration at 0.08%, the influence
f DDTC concentration on HPLC–ICP–MS signals of the post-CPE
etermination was demonstrated in Fig. 3b. As the constant max-

mum signals for MeHg+, PhHg+ and Hg2+ were observed at the
DTC concentrations higher than 6 × 10−4 mol l−1, a DDTC concen-

ration of 8 × 10−4 mol l−1 was adopted. At the optimized pH 9.0 and
× 10−4 mol l−1 DDTC concentration, the influence of Triton X-114
oncentration on the HPLC–ICP–MS signals was shown in Fig. 3c,
nd the maximum mass signals of the three mercury species were
btained at Triton X-114 concentration of 0.08% (w/v) in the test
olution. Under this condition, about 200 �l of Triton X-114 rich
hase could be collected after phase separation.

Under the optimized CPE conditions, the extraction efficiency,
efined as the percentage of the mercury species transferred

rom the aqueous test solution into the surfactant-rich phase, of
9.9 ± 0.3%, 95.9 ± 0.4% and 93.6 ± 3.4% (mean ± S.D., n = 3) were
bserved for MeHg+, PhHg+, and Hg2+, respectively. It is under-
tandable if one takes it in mind that the hydrophobic property
f the DDTC chelate of MeHg+ (Me–Hg–DDTC) is much poorer

.

Measured (�g l−1, mean ± S.D., n = 3)
and average recovery (%, in the parallel)

MeHg+ PhHg+ Hg2+

ND ND ND
0.042 ± 0.006 (84) 0.044 ± 0.005 (88) 0.041 ± 0.008 (82)
0.52 ± 0.073 (104) 0.42 ± 0.072 (85) 0.46 ± 0.024 (91)

ND ND 0.23 ± 0.02
0.094 ± 0.0044 (94) 0.092 ± 0.0035 92) 0.34 ± 0.012 (110)
1.08 ± 0.049 (108) 1.06 ± 0.057 (106) 1.18 ± 0.083 (95)

ND ND ND
0.094 ± 0.001 (94) 0.098 ± 0.001(98) 0.090 ± 0.007 (90)
0.95 ± 0.009 (95) 1.02 ± 0.033 (102) 1.04 ± 0.003 (104)

ND ND ND
0.023 ± 0.002 (115) 0.019 ± 0.002 (94) 0.022 ± 0.002 (108)
1.97 ± 0.027 (98) 1.74 ± 0.045 (87) 1.97 ± 0.087 (98)
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han the chelate of PhHg+ (Ph–Hg–DDTC) and that of Hg2+

DDTC–Hg–DDTC).

.3. Interference

Under the optimized conditions for CPE, interference stud-
es were carried out by individually spiking gradually increased
mounts of foreign metal ions into the test standard solutions
ontaining three mercury species (each at 1.0 �g l−1 level) before
ubjected to the cloud point extraction, and a deviation greater
han ± 10% from the signals observed in absence of any foreign met-
ls was used as the criterion of interference occurring. It was found
hat K+ and Na+ in at least 10 mg ml−1, Ca2+ and Mg2+ in 1 mg ml−1,
e3+ and Zn2+ in 5 mg l−1, Al3+ and Cr3+ in 1 mg l−1, Pb2+, Cd2+, Cu2+,
i2+, Co2+ and Mn2+ in 0.1 mg l−1 did not cause significant inter-

erence. Thus, the interference tolerance levels of the proposed
ethod meet the requirement of analyzing non-polluted waters

uch as tap water, fresh water, and seawater.

.4. Analytical figures of merit

Under the optimized conditions, the obtained analytical char-
cteristic data such as dynamic linear ranges, linear regression
quations, signal-enhancement factors, detection limits (defined
s the concentrations that gave triple the peak-to-peak noise of the
aseline signals, S/N = 3), and precisions are summarized in Table 2.
hus, the detection limits obtained by the present method were not
nly improved by 1–2 orders of magnitude in comparison to the
ethods without any preconcentration step [13–17,20], but also

omparable to those [11,12,19] observed with methods including a
olid-phase extraction preconcentration procedure.

.5. Applications

Due to the decomposition of EtHg+ occurring in the process of
PE, the present approach is only suitable for the samples con-
aining negligible amount of EtHg+, say one order of magnitude
ess than the content of Hg2+. Therefore, it is important to inspect

hether or not the peak for EtHg+ appears in the chromatogram
fter a chromatogram of an unknown sample is obtained. If EtHg+

resent in a sample, a positive error may be introduced into the
nalytical result of inorganic mercury. Fortunately, EtHg+ is usually
bsent or much less than those of MeHg+ and Hg2+ in non-polluted
nvironmental water samples and biological samples. With this
arning being taken in mind, the proposed method was first

pplied to the determination of MeHg+, PhHg+, and Hg2+ in water
amples (fresh water and seawater). Experiment results showed
hat all the analyzed water samples contained no detectable EtHg+.
he accuracy of the proposed method was examined with spike-
ecovery tests. Two concentrations (one in ppb level and the other
n sub-ppb level) of mercury species (MeHg+, PhHg+ and Hg2+)
ere spiked into various water samples, and the concentrations of
he mercury species in spiked and non-spiked samples were mea-
ured against a calibration curve made with a series of standard
olutions that were subjected to the same procedures as the sam-
les. The analytical results for the water samples, together with the

w
T
p
t
a

able 4
nalytical results of the mercury species in biological samples (in ng g−1).

ample Measured by this work
(mean ± S.D., n = 3)

Certi

MeHg+ Hg2+ Tota

uman hair (GBW 07601) 227 ± 30 151 ± 19 360 ±
cean bonito 282 ± 9 38 ± 6 –
norganic mercury, each at 1 �g l−1, (b) human hair standard material, (c) a sample
f ocean bonito, and (d) the reagent blank. The experimental conditions for HPLC-
CP-MS and CPE were described in Fig 2.

ecoveries of spiked mercury species, are listed in Table 3. Thus,
ecoveries ranging from 82% to 115% were obtained from all of the
ested water samples, demonstrating satisfactory accuracy of the
roposed method for determination of mercury species in non-
olluted water samples. It was noticed that when seawater samples
ere analyzed with the proposed method, the test solutions, upon
arming at 40 ◦C, turned turbid more quickly than the test solu-

ions of fresh water samples. After centrifugation, the interface
etween the surfactant-rich phase and supernatant aqueous phase
as clearer for seawater samples than that for fresh water samples.
hese observations could be ascribed to the effect of salt-assisted
hase separation. Nevertheless, no significantly poor recoveries of
he spiked mercury species were obtained for the seawater samples
s listed in Table 3.

fied Measured by CV-AFS Reported by references

l Hg Total Hg MeHg+ Hg2+

50 – 180 ± 50 [32] 200 ± 10 [32]
240 ± 50 – –
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When the developed method was used to determine mercury
pecies in a human hair sample (a standard reference material
ssued by National Standard Material Center of China) and a fish

eat sample, an acid leaching procedure adopted from Ref. [27]
as employed to extract the mercury species from the ground or
ashed solid samples prior to CPE. For the human hair sample, only
eHg+ and Hg2+ were detected, and no peak for EtHg+ appeared

n the chromatogram (see Fig. 4). Analytical results for the stan-
ard reference material are listed in Table 4. As only total mercury
ontent in the human hair was certified, reference-reported data
or the mercury speciation obtained are also listed in the Table 4.
hus, both the total mercury content and the individual contents
f MeHg+ and Hg2+ species observed with the developed method
re basically in agreement with the certified and reported values.
lso listed in Table 4 is the analytical result for the fish meat sam-
le of ocean bonito. Only MeHg+ and Hg2+ species were found,
nd the sum of the MeHg+ and Hg2+ mercury contents determined
ith the present approach is in good agreement with the total
ercury content obtained with the National Standard Procedure

GB/T 5009.17-2003, cold-vapor generation-atomic fluorescence
ethod).

. Conclusions

The cloud point extraction of mercury species with chelating
gent DDTC and non-ionic surfactant Triton X-114 can be used for
reconcentration of MeHg+, PhHg+ and Hg2+, but is not suitable
or the preconcentration of EtHg+ because the species is subjected
o partial decomposition during the extraction process. The sep-
ration of the concentrated DDTC chelates of mercury species by
everse-phase HPLC requires an eluant containing organic sol-
ent as high as 75% to elute all the DDTC chelates within 15 min.
onsequently, special measures such as high plasma forward
ower, cooling spray chamber and oxygen-containing optional

as flow are required for stabilization of the ICP discharge when
he high-solvent–eluant is directly introduced into the ICP-MS
ystem. Under the optimized conditions, the detection limits for
eHg+, PhHg+ and Hg2+ observed with the developed cloud point

xtraction-HPLC–ICP–MS reaches down to 6∼13 ng l−1 levels, 1–2

[
[

[

[

(2009) 1381–1387 1387

rders of magnitude lower than the reported values obtained with
PLC–ICP–MS without any preconcentration step. The developed
ethod can be used to determine MeHg+, PhHg+ and Hg2+ in non-

olluted water samples that contain negligible EtHg+ species.

eferences

[1] J.E. Sánchez Uría, A. Sanz-Medel, Talanta 47 (1998) 509.
[2] A.M. Carro, M.C. Mejuto, J. Chromatogr. A 882 (2000) 283.
[3] M. Leermakers, W. Baeyens, P. Quevauviller, M. Horvat, Trends Anal. Chem. 24

(2005) 383.
[4] C. Sarzanini, E. Mentasti, J. Chromatogr. A 789 (1997) 301.
[5] Y. Cai, Trends Anal. Chem. 19 (2000) 62.
[6] B. Welz, Spectrochim, Acta B 53 (1998) 169.
[7] X.P. Yan, Z.M. Ni, Spectrosc. Spectr. Anal. 21 (2001) 129.
[8] S.J. Hill, L.J. Pitts, A.S. Fisher, Trends Anal. Chem. 19 (2000) 120.
[9] M. Montes-Bayón, K. DeNicol, J.A. Caruso, J. Chromatogr. A 1000 (2003)

457.
10] G.K. Zoorob, J.W. McKiernan, J.A. Caruso, Mikrochim. Acta 128 (1998) 145.
11] R. Falter, G. Ilgen, Fresenius J. Anal. Chem. 358 (1997) 401.
12] R.M. Blanco, M.T. Villanueva, J.E. Sánchez Uría, A. Sanz-Medel, Anal. Chim. Acta

419 (2000) 137.
13] S.C. Hight, J. Cheng, Anal. Chim. Acta 567 (2006) 160.
14] A. Castillo, A.F. Roig-Navarro, O.J. Pozo, Anal. Chim. Acta 577 (2006) 18.
15] C.S. Chiou, S.J. Jiang, K.S.K. Danadurai, Spectrochim. Acta B 56 (2001) 1133.
16] M. Wang, W.Y. Feng, J.W. Shi, F. Zhang, B. Wang, M.T. Zhu, B. Li, Y.L. Zhao, Z.F.

Cai, Talanta 71 (2007) 2034.
17] B. Vallant, R. Kadnar, W. Goessler, J. Anal. At. Spectrom. 22 (2007) 322.
18] D.S. Bushee, Analyst 113 (1988) 1167.
19] M.J. Bloxham, A. Gachanja, S.J. Hill, P.J. Worsfold, J. Anal. At. Spectrom. 11 (1996)

145.
20] J. Morton, V.A. Carolan, P.H.E. Gardiner, J. Anal. At. Spectrom. 17 (2002)

377.
21] C.W. Huang, S.J. Jiang, J. Anal. At. Spectrom. 8 (1993) 681.
22] C.D. Stalikas, Trends Anal. Chem. 5 (2002) 343.
23] E.K. Paleologos, D.L. Giokas, M.I. Karayannis, Trends Anal. Chem. 24 (2005)

426.
24] J.C.A. de Wuilloud, R.G. Wuilloud, M.F. Silva, R.A. Olsina, L.D. Martinez, Spec-

trochim. Acta B 57 (2002) 365.
25] Y.J. Li, B. Hu, Spectrochim. Acta B 62 (2007) 1153.
26] X.B. Yin, J. Chromatogr. A 1154 (2007) 437.
27] L.P. Yu, J. Agric. Food Chem. 53 (2005) 9656.
28] W. Langseth, Fresenius Z Anal. Chem. 325 (1986) 267.

29] C.F. Harrington, T. Catterick, J. Anal. At. Spectrom. 12 (1997) 1053.
30] J.G. Chen, H.W. Chen, S.H. Chen, L. Lin, Y.Y. Zhong, Chem. Res. Chinese U. 23

(2007) 143.
31] K.L. Cheng, K. Ueno, T. Imamura, Handbook of Organic Analytical Reagents, CRC

Press, Boca Raton, FL, 1982.
32] W.Y. Feng, Z.F. Chai, Q.F. Qian, J. Radioanal. Nucl. Chem. 212 (1996) 61.



Talanta 77 (2009) 1351–1357

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

High throughput screening various abused drugs and metabolites in urine by
liquid chromatography–heated electrospray ionization/tandem mass
spectrometry

Chung-Yu Chena, Chien-Chun Shena, Tzung-Jie Yanga, Yan-Zin Changb, Maw-Rong Leea,∗

a Department of Chemistry, National Chung Hsing University, 250 Kuo-Kung Rd., Taichung, Taiwan, ROC
b Institute of Medical and Molecular Toxicology, Chung-Shan Medical University, Taichung, Taiwan, ROC

a r t i c l e i n f o

Article history:
Received 30 June 2008
Received in revised form
10 September 2008
Accepted 11 September 2008
Available online 18 September 2008

Keywords:
High-throughput screening

a b s t r a c t

An integrated method of liquid chromatography–heated electrospray ionization/tandem mass spectrom-
etry was evaluated for high throughput screening of various abused drugs in urine. Chromatographic
analysis was performed on a C18 reverse phase column using a linear gradient of 10 mM ammonium
acetate containing 0.1% formic acid–methanol as mobile phase and the total separation time was 7 min. A
simple and rapid sample preparation method used was by passing urine samples through a 0.22 �m PVDF
syringe filter. The detection limits of the studied abused drugs in urine were from 0.6 ng mL−1 (ketamine)
to 9.0 ng mL−1 (norcodeine). According to the results, the linear range was from 1 to 1200 ng mL−1 with
relative standard deviation (R.S.D.s) value below 14.8% (intra-day) and 24.6% (inter-day). The feasibil-
ity of applying the proposed method to determine various abused drugs in real samples was examined
Abused drugs

Heated electrospray ionization
Tandem mass spectrometry
U

by analyzing urine samples from drug-abused suspects. The abused drugs including ketamines and
amphetamines were detected in suspected urine samples. The results demonstrate the suitability of
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. Introduction

Using of abused drugs is increasing worldwide, and mil-
ions of individuals are reported to be current users of cocaine,
mphetamine-like stimulants, ketamine, and other new abused
rugs, with significant consequences for human health and social
ehavior [1]. Drug abuse that alters human behavior and leads
o crimes has become a serious problem throughout the world.
he determination of various classes of abused drugs is important
n many fields of analytical toxicology, such as forensic analysis,

orkspace drug testing, and antidoping analysis [2,3]. A forensic
oxicology analytical method must provide a rapid, simple, high
eliability and accuracy for screening drugs and metabolites of tox-
cological interest in suspected biological samples.

An effective analytical protocol for the detection of abused drugs

n urine should consist of (1) a sensitive initial screening procedure
o identify specimens with negative results and to select presump-
ive specimens with positive results for further testing; (2) a highly
pecific confirmatory technique that is at least as sensitive as the

∗ Corresponding author. Tel.: +886 4 2285 1716; fax: +886 4 2286 2547.
E-mail address: mrlee@dragon.nchu.edu.tw (M.-R. Lee).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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ghput screening of the various abused drugs in urine.
© 2008 Elsevier B.V. All rights reserved.

nitial screen for confirmation of presumptive positive results. In
enerally, enzyme immunoassay (EIA) generally designed for single
ubstances or classes of substances are very common in foren-
ic laboratories as a screening technique because its relatively fast
nalysis time for high throughput screening [4,5]. However, there
re several disadvantages in use of EIA for abused drugs screen-
ng such as high cost for EIA reagent, a relative high false positive
ate caused by cross-reactivity of the EIA reagent, and not flexible
nough to accommodate the analysis of new abused drugs because
f EIA reagents for these drugs are unavailability [6,7]. Separa-
ion techniques such as high performance liquid chromatography
HPLC) coupled to diode-array detector (DAD) or electrochemi-
al array detector [8–10], capillary electrophoresis coupled with
lectrospray ionization-mass spectrometry (CE–ESI-MS) [11], and
as chromatography (GC) coupled to mass spectrometry (MS) have
een used for determination various abused drugs in different bio-

ogical matrixes such as plasma, urine, oral fluid or hair [12–16].
ecently, the GC/MS technique is the most commonly used to sep-
rate and determine abused drugs and their metabolites due to its

igh specificity, sensitivity, and cost. But the derivatization pro-
ess in GC/MS analysis is required to increase the volatility of many
olar analytes. This derivatization step is costly, time consuming,
nd susceptible to errors that affect the quality of the analytical
esults [17].
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Nowadays, liquid chromatography coupled with mass spec-
rometry (LC–MS) has become popular and been successfully
pplied to detect a wide variety of drugs in biological matri-
es due to its high selectivity and excellent sensitivity. LC–MS,
nlike GC–MS, is not limited by several factors such as nonvolatil-

ty and high molecular weight. Most importantly, LC–MS enables
he determination of both lipophilic parent drugs and hydrophilic

etabolites without doing for any derivatization or hydrolysis pro-
ess. Recently, introduction of tandem mass spectrometry coupled
o liquid chromatography (LC–MS/MS) has largely improved the
erformance of the technique by enhancing sensitivity and ana-

yte identification, therefore, LC–MS/MS has led to increase usage
n high-throughput analysis. The LC–MS and LC–MS/MS are cur-
ently the techniques of choice for the screening of abused drugs in
ifferent matrixes [7,18–24].

In this study, a simple and sensitive high throughput analyti-
al method for determination of various abused drugs including
mphetamine and its analogues; ketamine and its metabolite;
ocaine and morphine and some new abused drugs in human urine
as developed by using LC–MS/MS. A novel heated electrospray

onization (HESI) source coupled to selected reaction monitoring
SRM) scan mode was used in this study. The detection limits, pre-
ision and linear range of this procedure for various abused drugs
re discussed. The feasibility of applying the method to analyze the
mount of abused drugs in real urine samples from suspects was
lso examined.

. Experimental

.1. Chemicals and reagents

The reference standards of alprazolam, cocaine, codeine,
ihydrocodeine, ketamine (K), lorazepam, lysergic acid diethyl-
mine (LSD), 3,4-methylenedioxyamphetamine (MDA), 3,4-
ethylenedioxymethamphetamine (MDMA), 3,4-methylene-

ioxyethyamphetamine (MDEA), p-methoxyamphetamine (PMA),
ethadone, midazolam, morphine, norketamine (NK), norcodeine,
vailable as solution in methanol or acetonitrille at concentration
f 1 mg mL−1, were purchased from Cerilliant (Round Rock, TX,
SA). Amphetamine (AM) and methamphetamine (MA) were
urchased from Sigma Chemical Co. (St. Louis, MO, USA). Dehy-
ronorketamine (DK) was obtained from Pfizer (Ann Arbor, MI,

B
f
t
e
s

able 1
andem mass spectrometry parameters for SRM determination of abused drugs and meta

ompound Retention time (min) Parent ion (m/z)

lprazolam 3.74 309
M 2.11 136
ocaine 3.32 304
odeine 2.06 300
ihydrocodeine 1.84 302
K 3.09 222

3.23 238
orazepam 3.78 321
SD 3.41 324
A 2.35 150
DA 3.02 180
DEA 3.20 208
DMA 3.10 194
ethadone 3.62 310
idazolam 3.61 326
orphine 1.05 286
K 3.23 224
orcodeine 2.31 286
MA 3.14 166
etamine-d4 3.22 242
(2009) 1351–1357

SA). Ketamine-d4 (100 �g mL−1 in methanol) as internal standard
as purchased from Cerilliant. HPLC-grade methanol and formic

cid were purchased from Merck (Darmstadt, Germany). Ammo-
ium acetate (ACS grade) was purchased from Riedel-de Haën
Seelze, Germany). The laboratory purified water (>18 M�) was
btained from a Milli-Q system located in the laboratory (Millipore
implicity®, Millipore, France).

.2. Preparation of standard stocks, working solution and urine
amples

Individual standard stock solutions concentration 200 �g mL−1

ere prepared by direct diluted liquid standards by using methanol
nd prepared by accurately weighted amount of powder standards
hen dissolved in methanol, respectively. Then the prepared stock
olutions were stored in colored vials at −30 ◦C in a refrigerator.

orking solutions of different concentration for all analytes were
iluted from the stock solutions with purified water and with drug-
ree urine for finding out the optimum ionization conditions of
oncentration of 1 �g mL−1 and for calibration standard of concen-
ration ranged from 1 to 1200 ng mL−1. The quality control (QC)
amples were at the concentration of 20, 200 and 400 ng mL−1. The
piked urine sample was filtered by a 0.2 �m PVDF filter (Millipore,
SA) before analysis.

.3. Chromatographic conditions

LC analyses were carried out on an Agilent 1100 series HPLC
ystem consisting of binary gradient pump (Agilent Technologies,
alo Alto, CA, USA). Chromatographic separation was performed on
Waters Xterra RP18 (2.1 mm × 50 mm, 3.5 �m particle size) LC col-
mn (Waters Corp., Milford, MA, USA), which was preceded in-line
y a precolumn filter of 3 mm frit (Supelco, Bellefonte, PA, USA).
he mobile phase was filtered using a Nylon 66 membrane filter
0.2 �m) and degassed by using vacuum followed by sonication. The

obile phase was composed of 10 mM ammonium acetate contain-
ng 0.1% formic acid (pH 3.44) as solvent A and methanol as solvent

. A short linear gradient was used, starting at 5% solvent B held

or 1 min, changing to 100% solvent B for 1 min and held for 3.5 min
hen back to 5% solvent B for 0.5 min held until the end of gradi-
nt. The flow rate was 0.3 mL min−1 and the total chromatographic
eparation time was 7 min.

bolites.

Quantitation ion (m/z) and
collision energy (%)

Confirming ion (m/z) and
collision energy (%)

205 (39) 165 (37)
91 (20) 119 (10)

182 (19) 105 (34)
165 (36) 215 (25)
199 (34) 201 (27)
205 (11) 142 (23)
125 (30) 207 (13)
275 (20) 303 (15)
223 (22) 208 (31)

91 (20) 119 (10)
135 (19) 163 (10)
163 (14) 135 (21)
163 (12) 135 (20)
265 (16) 105 (32)
209 (32) 244 (28)
165 (34) 201 (20)
125 (25) 207 (12)
165 (52) 181 (33)
121 (18) 149 (11)
129 (30) 211 (13)
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Fig. 1. Mass ion chromatogram of the spiked 200 ng mL−1 abused drugs in blank urine produced by LC–HESI-MS/MS. (a) Alprazolam; (b) AM; (c) cocaine; (d) codeine; (e)
d ) MDM
(

2

T
(
m
t
t
i
t
t

w
p
p
t
6
i

ihydrocodeine; (f) DK; (g) K; (h) lorazepam; (i) LSD; (j) MA; (k) MDA; (l) MDEA; (m
t) ketamine-d4.

.4. Mass spectrometry conditions

Mass spectrometry was performed on a Thermo Finnigan
SQ Quantum Ultra EMR triple quadrupole mass spectrometer
ThermoFisher, San Jose, CA, USA) calibrated in the positive ion

ode using a 1,3,6-polytyrosine. The heated-electrospray ioniza-

ion (HESI) was used as ionization source with positive mode in
his study. Nitrogen was used as the sheath gas, auxiliary gas, and
on sweep gas. The optimal ionization and ion transmission condi-
ions were tuned by an automated tuning procedure to maximize
he signal for the intensity of ion monitored and the optimal values

s
T
t
D
s

A; (n) methadone; (o) midazolam; (p) morphine; (q) NK; (r) norcodeine; (s) PMA;

ere shown as follows: spray voltage was 3500 V; vaporizer tem-
erature was 250 ◦C; sheath gas, ion sweep gas and auxiliary gas
ressure were 45, 12, and 4 arbitrary units, respectively; capillary
emperature was 270 ◦C; tube lens offset and skimmer offset were
5 and 0 V, respectively. Detection of the analytes was performed

n the selected reaction monitoring (SRM) mode with a signal time

egment. Argon was used as collision gas at a pressure of 1.5 mTorr.
he scan width for SRM was 0.7 m/z, scan time was 0.01 s, and
he peak width settings (FWHM) for both Q1 and Q3 were 0.7 m/z.
ata processing was proceeded using Thermo Xcalibur Version 2.0

oftware.
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ig. 2. Ion suppression was studied by monitoring the signal for transition (a) 286
ost-column infusion of 200 ng mL−1 of morphine, AM, K, and midazolam, respectiv

.5. Method validation

The method was validated for linearity, limit of detection (LOD),
imit of quantification (LOQ), and precision. Urine calibration stan-
ards were prepared daily by diluting the stock solution with
rug-free urine to provide final concentrations of all analytes
anging from 1 to 1200 ng mL−1. Three replicate analyses were per-
ormed for each concentration to evaluate linearity and the peak
reas were used for quantification through the calibration curves of
ll analytes. LOD and LOQ were defined as concentrations in a urine
ample resulting in peak area with signal-to-noise ratios of 3 and

0, respectively. Precision of the assay was determined by generat-
ng intra-day and inter-day variability data from spiked QC samples
f three different concentrations. The intra-day precision was eval-
ated by performing five replicates of the QC samples including
ample preparation procedures; the inter-day precision was evalu-

a
i
w
p
t

able 2
nalytical characteristics of LC–HESI-MS/MS method for various abused drugs in urine sa

ompound Linear range (ng mL−1) Linear equation Correlation coe

lprazolam 5–400 Y = 0.0094X − 0.0466 0.9992
M 5–400 Y = 0.0032X − 0.0006 0.9993
ocaine 1–1200 Y = 0.0287X − 0.0146 0.9996
odeine 10–400 Y = 0.0008X − 0.0162 0.997
ihydrocodeine 10–400 Y = 0.0028X − 0.0405 0.9973
K 5–1200 Y = 0.0032X + 0.002 0.9981

1–1200 Y = 0.0054X + 0.013 0.9996
orazepam 5–400 Y = 0.0026X−0.014 0.9989
SD 5–800 Y = 0.0134X + 0.0022 0.9992
A 5–400 Y = 0.0112X − 0.0687 0.9987
DA 5–400 Y = 0.0013X − 0.0069 0.9993
DEA 5–400 Y = 0.00114X + 0.0159 0.9993
DMA 5–400 Y = 0.0102X − 0.037 0.9988
ethadone 5–400 Y = 0.0369X − 0.0416 0.9995
idazolam 5–800 Y = 0.0022X − 0.0071 0.9994
orphine 5–400 Y = 0.0002X − 0.0019 0.9941
K 5–800 Y = 0.003X + 0.0021 0.9998
orcodeine 10–400 Y = 0.0002X + 0.0017 0.9981
MA 5–400 Y = 0.0045X − 0.0148 0.9992
morphine); (b) 136 > 91 (AM); (c) 238 > 125 (K); (d) 326 > 209 (midazolam) during

ted by performing five replicates of the QC samples on each of five
ifferent days within a 5-day period.

. Results and discussion

.1. Evaluated ion transition in SRM mode

To evaluate the ion transition of all abused drugs in the SRM
ode, the individual drug standard working solution of 1 �g mL−1

as infused into HESI source by using a syringe pump at the flow
ate of 5 �L min−1 and ionized in positive ionization mode. All

bused drugs in this study were successful ionized by using pos-
tive HESI ionization mode and the protonated molecule, [M+H]+,
as the base peak for all abused drugs in the full scan spectrum. The
rotonated molecule for each analyte was chosen as parent ion and
uned for daughter ion scan automatically by instrumental function

mples.

fficient (R2) Limit of Detection (ng mL−1) Limit of Quantification (ng mL−1)

1.1 3.8
3.6 12.1
0.7 2.3
4.6 15.2
2.3 7.7
4.5 15.1
0.6 2.1
1.4 4.6
1.4 4.6
1.9 6.4
4.9 16.3
1.6 5.4
1.4 4.5
0.8 2.7
1.7 5.7
4.0 13.3
0.9 2.8
9.0 30.0
1.0 3.4
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Table 3
Intra- and inter-day precision of the QC samples (20, 200 and 400 ng mL−1) of various
drugs in urine expressed by relative standard deviation (%).

Intra-day (n = 5) Inter-day (n = 5)

20 200 400 20 200 400

Alprazolam 10.5 6.5 4.8 14.4 10.3 8.0
AM 11.1 6.9 6.5 14.7 11.3 9.0
Cocaine 6.6 4.3 3.2 11.5 6.6 3.3
Codeine 11.8 6.3 5.3 16.7 6.4 5.5
Dihydrocodeine 9.2 5.2 4.4 19.7 9.3 6.7
DK 6.1 6.6 5.5 10.4 9.6 5.8
K 6.5 2.9 2.9 9.9 7.2 3.9
Lorazepam 12.2 5.3 4.0 18.4 12.0 7.1
LSD 6.9 6.3 5.8 19.0 9.1 7.2
MA 12.1 8.5 7.5 21.7 9.4 8.1
MDA 14.8 12.1 11.7 23.3 17.1 14.6
MDEA 5.0 3.0 2.7 10.9 7.0 3.7
MDMA 7.6 5.2 4.9 16.4 11.8 9.3
Methadone 10.8 7.3 5.5 14.3 10.6 8.6
Midazolam 9.3 5.0 3.6 14.1 13.2 11.9
Morphine 16.5 10.7 7.4 24.6 9.4 5.6
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method for practical application by analyzing the actual specimens

T
A

A
A
C
C
D
D
K
L
L
M
M
M
M
M
M
M
N
N
P

N

K 6.4 4.7 4.1 8.8 7.3 6.6
orcodeine 14.8 7.7 4.5 18.0 7.2 6.7
MA 11.3 8.7 6.3 18.6 15.2 14.6

nder 1.5 mTorr argon gas used as collision gas in collision cham-
er. According to the automatic daughter ion scan tuning results,
he two major ion transitions for each analyte and the optimal colli-
ion energy for each ion transition were summarized in Table 1. The
eparation and detection result of analyzed urine spiked 19 kinds
f abused drugs by using the optimum LC–HESI-MS/MS conditions
ere shown in Fig. 1. From the Fig. 1, the 19 kinds of abused drugs

n urine sample were successfully detected by proposed method.
on suppression from injection of filtered urine study was observed
or the signal from the infused morphine, AM, K, and midazolam
Fig. 2). The results shown that the ion suppression by urine matrix
s obtained in the early retention time, but it does not have any
ignificant effect for the signal of the compounds studied.

.2. Linearity, limits of detection and quantification, and precision
The linearity, limits of detection, and limits of quantification for
nalyzing the various abused drugs by LC–HESI-MS/MS were cal-
ulated under the optimum separation and detection conditions
escribed previously. Triplicate injections were performed. A linear

o
s
M
a

able 4
bused drugs concentrations (ng mL−1) in real samples produced by LC–HESI-MS/MS.

S1 S2 S3

lprazolam N.D. N.D. N.D.
M 180.6 233.7 N.D.
ocaine N.D. N.D. N.D.
odeine N.D. N.D. N.D.
ihydrocodeine N.D. N.D. N.D.
K 2685.0 5424.0 7115.3

145.5 199.2 250.0
orazepam N.D. N.D. N.D.
SD N.D. N.D. N.D.
A 763.6 462.1 N.D.
DA 104.0 215.4 N.D.
DEA N.D. N.D. N.D.
DMA 503.8 454.9 N.D.
ethadone N.D. N.D. N.D.
idazolam N.D. N.D. N.D.
orphine N.D. N.D. N.D.
K 757.4 1027.6 694.5
orcodeine N.D. N.D. N.D.
MA N.D. N.D. N.D.

.D.: not detected.
(2009) 1351–1357 1355

egression was used to plot the peak area ratio of analyte to internal
tandard against analyte concentration. The linearity of proposed
ethod was studied within 1–1200 ng mL−1. The square correla-

ion coefficients (r2 value) were ranged from 0.9941 for morphine
o 0.9998 for norketamine. The linear range experiments provided
he necessary information to estimate limits of detection and limits
f quantification, based on the peak of the lowest concentration in
he linear range with a single-to-noise ratio (S/N). LODs and LOQs
ere evaluated by S/N of three and ten, respectively. The LODs

nd LOQs obtained for determination of all abused drugs in urine
an be down to the ng mL−1 level. The LODs and LOQs for ana-
yzing all abused drugs were ranged from 0.6 to 9.0 ng mL−1 and
rom 2.1 to 30.0 ng mL−1, respectively. Comparing to prior litera-
ure [18,22,25,26], the LODs and LOQs of ketamines, amphetamines,

orphine, cocaine, and codeine of proposed method are lower
han the results of published method. The summary of analyti-
al characteristics of LC–HESI-MS/MS method for all abused drugs
n urine sample was shown in Table 2. Intra-day precision of the
roposed method was evaluated by analyzing five replicates of
piked QC urine sample at three concentration levels (40, 200 and
00 ng mL−1) in the same day. Inter-day precision was evaluated by
nalyzing five replicates of three QC urine samples on each of five
ifferent days within a 5-days period. The intra-day and inter-day
recisions of the method were calculated as the relative standard
eviation (R.S.D.). The intra-day precision was ranged from 5.0 to
6.5% for low concentration (40 ng mL−1) QC sample; 2.9–12.1%
or middle concentration (200 ng mL−1) QC sample; 2.7–11.7% for
igh concentration (400 ng mL−1) QC sample. The inter-day pre-
ision was ranged from 8.8 to 24.6% for low concentration QC
ample; 6.4–17.1% for middle concentration QC sample; 3.3–14.6%
or high concentration QC sample. The results of intra-day and
nter-day were summarized in Table 3. These results indicated that
he method has acceptable precision for high throughput screen-
ng.

.3. Application in real suspected urine analysis

This study also examined the effectiveness of the proposed
btained from drugs abused suspects. The real suspected urine
amples obtained from Drug Testing Laboratory of Chung Shan
edical University Hospital were stored at −30 ◦C in a refriger-

tor before analyzed. The suspected urine samples were diluted

S4 S5 S6 S7

N.D. N.D. N.D. N.D.
99.8 28.5 38.7 N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. 8.7 1745.2
N.D. N.D. 11.8 712.1
N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
346.3 222.9 359.7 N.D.
69.1 N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. 9.8 854.1
N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D.
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ig. 3. Mass ion chromatogram of the S1 sample produced by LC–HESI-MS/MS. (
orazepam; (i) LSD; (j) MA; (k) MDA; (l) MDEA; (m) MDMA; (n) methadone; (o) mid

ith drug-free urine by suitable multiple then analyzed by the
C–HESI-MS/MS method described above. Triple replicate analy-
is was performed for each sample. The mass ion chromatograms
f suspect S1 urine sample were shown in Fig. 3. Fig. 3 indicated
hat amphetamine, methamphetamine, MDA, MDMA, ketamine,
orketamine, and dehydronorketamine were found in the urine
f suspect S1. The analytical results were summarized in Table 4.
rom the results, amphetamine, methamphetamine, MDA, MDMA,

etamine, norketamine, and dehydronorketamine were found in
uspected urines and concentrations of these drugs were calculated
ange from 28.5 to 233.7, 222.9 to 763.6, 69.1 to 215.4, 454.9 to 503.8,
1.8 to 712.1, 9.8 to 1027.6 and 8.7 to 7115.3 ng mL−1, respectively.
he results obtained from real case studies clearly indicate the pro-

p
R
a
9
b

razolam; (b) AM; (c) cocaine; (d) codeine; (e) dihydrocodeine; (f) DK; (g) K; (h)
m; (p) morphine; (q) NK; (r) norcodeine; (s) PMA; (t) ketamine-d4.

osed method is simple, rapid, and sensitive enough to be used
or high throughput screening various abused drugs in suspected
rines.

. Conclusions

This study evaluated the LC–HESI-MS/MS to apply on high
hroughput screening for the various abused drugs in urine sam-

le. The total analytical time was 7 min by using a 5 cm Xterra
P18 LC column and SRM scan mode. The limits of detection
nd limits of quantification for proposed method were below
.0 and 30.0 ng mL−1, respectively. Furthermore, this method has
een applied to screen of various abused drugs in suspected urine
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amples. The amphetamines and ketamines compounds were
ound in these suspected urine samples concentration ranged from
8.5 to 763.6 ng mL−1 and 8.7 to 7115.3 ng mL−1, respectively. In the
iew of the simplicity, rapidity, sensitivity, and selectivity, the pro-
osed method is recommendable for the high throughput screening
arious abused drugs in urine in the forensic science.
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a b s t r a c t

An in vitro screening model using resonance light scattering (RLS) technique with 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reagent as the reactive probe to target cancer cell was
firstly developed. In this model, MTT was reduced by viable cancer cells to produce a purple formazan.
Cell viability was proportional to the number of formazan induced strong light scattering signal. The
inhibition rate of anticancer drug was found to vary inversely with the H22–MTT system RLS intensity. So
eywords:
esonance light scattering
creen in vitro
nticancer drug
-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl

it was intuitive to see the sequence of the tumor suppressive activity of six anticancer drugs without data
processing by RLS/MTT screening spectra. Compared with the traditional MTT method, this method has
high sensitivity, low detection limit and quite intuitive screening results which were identical to those
obtained from the MTT colorimetric assay.

© 2008 Elsevier B.V. All rights reserved.
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etrazolium bromide
epatocellular carcinoma cell of mouse

. Introduction

In vitro anticancer drug screening has always been one of the
ost popular domains of cancer research, which is the key to the

evelopment of anticancer agents [1,2]. So an effective anticancer
rug-screening method is the starting point and decisive step of
he innovative drug research. Hepatocellular carcinoma is one of
he most common malignancies worldwide [3,4]. Screening novel
nticancer drug for hepatocellular carcinoma is vital. Herein, a
ew method of screening anticancer drug in vitro that can screen
nticancer drugs and simultaneously determine their relative anti-
umor efficiencies against hepatocellular carcinoma cell of mouse
H22 cell) by resonance light scattering (RLS) technique was devel-
ped.

The conventional methods for screening antineoplastic agents in
itro mainly included MTT colorimetric assay [5], ATP biolumines-
ence assay [6], 3H-TdR incorporation method [7], sulforhodamine
(SRB) assay [8], Acid Phosphatase Enzyme (APA) method [9], and

lonogenic Assay [10]. However, most of these methods have their
navoidable drawbacks: for instance, there are expensive reagents

n ATP bioluminescence assay, radioactive elements and expensive
pparatus in 3H-TdR incorporation method, and cumbersome oper-

∗ Corresponding author. Tel.: +86 754 8290 2767; fax: +86 754 8290 2767.
E-mail address: kqlu@stu.edu.cn (Z. Chen).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.09.016
tion in SRB assay and Clonogenic Assay. Moreover, relatively high
ost is a common disadvantage of these traditional screening meth-
ds. Resonance light scattering, an elastic scattering, occurs when
he incident beam is close in energy to an absorption band. Since
asternack et al. established the RLS technique to study the aggre-
ations of porphyrins with an ordinary fluorescence spectrometer
11,12], RLS studies have attracted great interest among researchers
ecause its experimental apparatus is simple, rapid, and sensi-
ive. In recent years, RLS has been used to determine nucleic acid
13–17], protein [18–21], amino acid [22], inorganic ions [23], and

edicines [24–26]. In this paper, it was the first time that RLS tech-
ique was used to implement anticancer drugs screening in vitro
o target cancer cells.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
ide (MTT) was reduced by mitochondrial dehydrogenase in

iable cancer cells to produce the purple formazan. Cell viability
as proportional to the number of formazan, certain diameter
article, which induced remarkable RLS signal with the RLS
heory [27–29]. Light scattering is caused by the presence of
roper diameter particles. Because the dimension of formazan
article is much less than the incident wavelength, it should be
n accordance with the Rayleigh light scattering formula [27,28].
herefore, RLS intensity is proportional to the number of particles
r the concentration of cancer cell. It is the theoretical basis
or the method of screening anticancer drug in vitro using RLS
echnique.
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RLS/MTT screening spectra. This result was consistent with the
traditional screening assay and the pharmacodynamics evaluation
report of the clinical application of anticancer agents [32,33].

In principle, the sharp RLS intensities of H22 cells treated with
anticancer drugs at the maximum scattering peak wavelength pro-
366 Z. Chen et al. / Talan

In this paper, the screening assays of six anticancer drugs were
mplemented by the RLS/MTT screening method. The result demon-
trated that there were the intuitively remarkable differences
mong RLS intensities of the H22–MTT systems with the maximum
eak located at 393.0 nm in the RLS/MTT screening spectra after
reated with anticancer agents at the proper peak plasma concen-
ration (ppc) for 48 h. The difference of RLS intensities represented
he differentiation of the inhibition rates of six anticancer agents
gainst H22 cells. Meanwhile, the intuitive results of anticancer
rugs were obtained by RLS/MTT method and were consistent with
he traditional MTT colorimetric spectrophotometry.

. Experimental

.1. Tumor cell line and culture

Hepatocellular carcinoma cell of mouse (H22 cell) was used
n RLS/MTT screening assay and the traditional screening assay.

22 cell was one kind of nonadherent cell lines which was usu-
lly used to be as a model in drug-screening programs in vitro
nd was obtained from the medical college of Shantou Univer-
ity (Shantou, Guangdong Province, China). Prior to use in the
creening assay, the cancer cells were grown in culture medium
PMI 1640 (Hyclone, Northumberland, UK), supplemented with
0% heat-inactivated fetal bovine serum (FBS) (Sigma Chemical Co.,
t. Louis, MO), 10% glutamine, 10% penicillin–streptomycin (all from
IBCO, Life Technologies, Roskilde, Denmark) and incubated in a 5%
O2 humidity incubator at 37 ◦C. And it was periodically examined
sing an inverted microscope (Nikon, Japanese).

.2. Reagents and drugs treatment

MTT was purchased from Sigma Company, USA. The MTT solu-
ion (5.0 mg mL−1) was prepared by dissolving certain MTT in
hosphate buffered saline (pH 7.2) and stocked in 1.0 mL aliquots at
◦C in the dark. Cisplatin (DDP), mitomycin (MMC), 5-fluorouracil

5-FU), etoposide (VP-16), cytarabine (AraC), vincristine (VCR) was
btained from Bristol Myers Co. Ltd., New York, America. All drugs
ere dissolved with physiological saline and stored at −20 ◦C. The
rugs were diluted with RPMI 1640 plus 10% fetal bovine serum

ust prior to each experiment.
In this paper, H22 cell was treated with DDP, MMC, 5-FU, VP-16,

raC and VCR. Peak plasma concentration (ppc) was the high-
st level of drug that was obtained in the blood. 1.0 ppc of DDP,
MC, 5-FU, VP-16, AraC, and VCR was 10.0, 3.0, 10.0, 10.0, 10.0,

nd 4.0 �g mL−1, respectively [30,31]. Concentrations of 0.1, 1.0, and
0 ppc were chosen for the drug treatment experiments.

All chemicals used were of analytical grade or the best grade
ommercially available, and double-distilled water was used
hroughout.

.3. RLS/MTT screening assay

Logarithmically grown H22 cells were standardized to the cell
uspension at the density of 6.0 × 106 cells mL−1. Then they were
iluted to 1.5 × 105, 3.0 × 105, 4.5 × 105, 6 × 105, 7.5 × 105, 9 × 105,
.05 × 106, 1.2 × 106 cells per well with fresh culture medium.
ach well of a U-shaped 24-well microtiter plate (Falcon, Becton
ickinson, Mountain View, CA, USA) received 1.0 mL of H22 cell sus-
ension. Meanwhile, the chemotherapeutic drugs DDP, MMC, 5-FU,

P-16, AraC, and VCR at the concentrations of 0.1, 1.0, 10 times of
eak plasma concentration were added to the experimental wells
hich received 1.0 mL logarithmically grown H22 cells suspension

t the density of 6.0 × 105 cells mL−1. The plates after treated with
nticancer drugs were incubated in a 5% CO2 humidity incubator at

F
(
(

(2009) 1365–1369

7 ◦C for 24, 48, and 72 h, respectively. Triplicate wells were used
or each experimental condition. Twenty microliters of the MTT
olution (5.0 mg mL−1) were then added to each experimental well,
nd the plates were incubated for 8 h at 37 ◦C. The samples were
iluted to 5.0 mL with PBS (pH 7.2). The RLS spectra were measured
ith a Model LS-55 spectrofluorometer (Perkin-Elmer, USA) with
quartz cuvette (1 cm × 1 cm). The RLS spectra were obtained by

canning simultaneously the excitation and emission monochro-
ators (�� = 0.0 nm) with the excitation and emission slits 5.0 nm.

he RLS intensity was measured at 393.0 nm. In the experiment the
LS intensity increment (�IRLS) of the H22–MTT system was written
own. The enhanced RLS intensity of H22–MTT system was repre-
ented as �IRLS = IRLS − I0

RLS (IRLS and I0
RLS were the RLS intensities

f the H22–MTT system with and without H22 cell).

. Results and discussion

.1. Spectral characteristics

The RLS spectra of the H22–MTT systems are shown in Fig. 1. It
an be seen that both MTT and H22 cell have very weak RLS signals
hen they exist separately in the whole scan range of 250–700 nm.
owever, the weak RLS signal of MTT can be remarkably enhanced
hen small amount of H22 cell was added with the maximum peak

ocated at 393.0 nm under the same circumstances. The addition of
ncreasing H22 cells to the MTT solution led to the gradual enhance-

ent in RLS intensity, which disclosed a concentration-dependent
elationship.

The RLS/MTT screening spectra of the H22–MTT system after
reated with anticancer drugs DDP, MMC, 5-FU, VP-16, AraC,
nd VCR at the concentration of 1.0 ppc for 48 h are shown in
ig. 2. The first curve is the blank group which is the MTT solu-
ion without adding H22 cells. The eighth curve is the control
roup which is mainly the mixture of H22 cells and MTT without
dding any anticancer drug. It is intuitive to see the sequence of
LS intensities at 393.0 nm as follows: Control > VCR > AraC > VP-
6 > 5-FU > MMC > DDP > Blank in the RLS/MTT screening spectra
Fig. 2). The higher the inhibition rate of anticancer drug on H22
ells, the lower the RLS intensity was. Therefore, it was easy to
btain the sequence of the tumor suppressive activity of six anti-
ancer drugs as follows: VCR < AraC < VP-16 < 5-FU < MMC < DDP by
ig. 1. The RLS spectra of H22–MTT system. Conditions: CMTT = 20 �g mL−1, CH22cell

cells mL−1): (1) 2.4 × 105 (without MTT); (2) 0; (3) 3 × 104; (4) 6 × 104; (5) 9 × 104;
6) 1.2 × 105; (7) 1.5 × 105; (8) 1.8 × 105; (9) 2.1 × 105; (10) 2.4 × 105; pH 7.2.
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Icontrol is the average RLS intensity of H22–MTT in wells with H22
ig. 2. The RLS/MTT screening spectra of anticancer drugs. Conditions: CH22cell =
.2 × 105 cells mL−1, CMTT = 20 �g mL−1; (1) the blank group; (8) the control group;
2–7) DDP, MMC, 5-FU, AraC, VP-16, and VCR at 1.0 ppc for 48 h, respectively; pH 7.2.

ided excellent differentiation among six anticancer agents, giving
nformation about the relative anticancer strengths of different
nticancer drugs. The differentiation of antitumor effects of dif-
erent anticancer agents was intuitively seen in RLS/MTT screening
pectra without calculation (Fig. 2). So a method of screening anti-
ancer drug in vitro using RLS technique was developed.

.2. Effect of cell concentration

It is shown that there is a good linear relationship between
LS intensity of H22–MTT system and H22 cell concentra-
ion when the H22 cell concentration ranges from 3.0 × 104 to
.1 × 105 cells mL−1 (Fig. 3). The linear regression equation using the

east square method is �IRLS = 12.58 + 17.462CH22cell (r = 0.997). So
.2 × 105 cells mL−1 of H22 cells was chosen for the RLS/MTT screen-
ng assays.

.3. Effect of MTT concentration

Fig. 4 displays the effect of MTT concentration on RLS intensity. It
an be clearly seen that MTT concentration had a great influence on
LS intensity. The RLS intensity increased with the increase of the
oncentration of MTT. Moreover, the RLS intensity of the H –MTT
22
ystem reached the maximum and kept constant when the concen-
ration of MTT is in the range 18–30 �g mL−1. Therefore, 20 �g mL−1

f MTT solution was selected for the further screening assays in this
aper.

ig. 3. The effect of H22 cell concentration on the RLS intensity. Conditions:

MTT = 20 �g mL−1; pH 7.2.
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ig. 4. The effect of MTT concentration on the RLS intensity. Conditions: CH22cell =
.2 × 105 cells mL−1; pH 7.2.

.4. Effect of anticancer drugs concentrations

The effect of anticancer drugs concentrations on the RLS sig-
al was studied and shown in Fig. 5. The first curve is the blank
roup; the fifth curve is the control group. It is clearly seen that
he difference of RLS signal of H22–MTT system treated with DDP
t concentrations of 0.1, 1.0, and 10 ppc for 24 h is quite remark-
ble, which discloses the difference of the inhibition rates of the
nticancer drug at different concentrations against the same can-
er cell (Fig. 5). The inhibitory effect of anticancer drug against H22
ells increases with the increase of the concentration of anticancer
rug, which leads to the ability of H22 cells to produce the formazan
eclined. It reflects the decrease of RLS intensity in the RLS spectra.

The inhibitory effects of various anticancer drugs were
xpressed in the form of the inhibition rate of viability according
o the following formula [34]:

nhibition rate (%) =
[

1 − Itreated − Iblank

Icontrol − Iblank

]
× 100

here Itreated is the average RLS intensity of H22–MTT in wells treat-
ent with drugs; Iblank is the average RLS intensity of MTT reagent

n wells with RPMI 1640 medium without adding H22 cells; and
ells without adding any anticancer agents.
Fig. 6 displayed the effect of drug concentration on the inhibi-

ion rates of H22–MTT system treated with DDP, MMC, 5-FU, VP-16,
raC, and VCR for 48 h. It can be easily seen that the difference of

ig. 5. The RLS spectra of H22–MTT system treated with DDP at different concentra-
ions. Conditions: CH22cell = 1.2 × 105 cells mL−1, CMTT = 20 �g mL−1; (1) the blank
roup; (5) the control group; (2–4) inhibition rates after treatment with DDP at 10,
.0, 0.1 ppc for 24 h, respectively; pH 7.2.
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Fig. 6. The effect of drug concentration on the inhibition rate. Conditions: CH22cell =
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Table 2
Comparison analytical parameters of two screening methods under the optimum
conditions.
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.2 × 105 cells mL−1, CMTT = 20 �g mL−1; pH 7.2. Comparison of cytotoxicity in H22
ell treated with DDP, MMC, 5-FU, VP-16, AraC, and VCR by RLS/MTT screening
ethod. The effect of DDP on the inhibition rate of cell viability was more significant

han others for 48 h.

nhibition rates of anticancer drugs became significant when the
oncentrations of anticancer drugs reached 1.0 ppc for 48 h. So 1.0
ime that of peak plasma concentration (ppc) was chosen for the
nticancer drugs screening assays.

.5. Effect of reactive time

As shown in Fig. 7, the reactive time between H22 cell and
nticancer drug influenced significantly on the RLS intensity of

22–MTT system treated with DDP at 1.0 and 10 ppc for 24, 48,
nd 72 h. With treatment from 24 to 72 h, there was no change in
nhibition rate of DDP at 0.1 ppc (data not shown). The inhibition
ate of anticancer drug enhanced with the increase of the reactive

ig. 7. The effect of reactive time on the RLS intensity of H22–MTT system treated
ith DDP. Conditions: CH22cell = 1.2 × 105 cells mL−1, CMTT = 20 �g mL−1; pH 7.2.
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able 1
omparison of IC50 value and relative antitumor activity (peak plasma concentration/IC50)

nticancer drugs Exposure time (h) IC50 value (�g mL−1)

RLS/MTT method

DP 48 3.98 ± 0.05
72 1.49 ± 0.08

MC 48 32.0 ± 0.02
72 25.1 ± 0.18

-FU 72 110.2 ± 0.22
P-16 72 252.0 ± 0.35
ethods (cells mL−1) coefficient (r)

LS/MTT method Y = 12.580 + 17.462CH22cell 800 0.997
TT method Y = 0.075 + 0.084CH22cell 1500 0.995

ime which proved the exposure time-dependent manner of inhi-
ition rate of anticancer drug. However, the difference of inhibition
ate became smaller as the increase of the reactive time. Therefore,
8 h was selected for the RLS/MTT screening assays.

.6. Verification test

To validate the accuracy of RLS/MTT screening method, simi-
arly treated H22 cells were plated for MTT colorimetric assay [35]

ith some modification. Briefly, each well of round-bottom 96-well
icrotiter plates (Falcon, Becton Dickinson, Mountain View, CA,
SA) received 100 �L of H22 cells suspension. 20 �L of MTT solution
as added to each well and incubated for 4 h. The microtiter plates
ere centrifuged (1400 × g, 15 ◦C, 5 min) and the untransformed
TT was removed carefully by an Eppendorf pipette. Each well
as added to 200 �L of a DMSO working solution (180 �L DMSO
ith 20 �L 1.0 mol L−1 HCl), and the absorbance (A) was determined

t 570.0 nm using an ELISA plate reader (Dynatech, Guernsey, UK)
fter 15 min.

According to the FDA, IC50 represents the concentration of a
rug that is required for 50% inhibition in vitro. The IC50 value was
etermined based on inhibition rates of H22 cell by SPSS12.0 Pro-
it regression method. The experiments were repeated five times
or each drug. The relative antitumor activity was calculated by the
ollowing formula [36], which was used to compare the antitumor
ffect of each drug:

elative antitumor activity=peak plasma concentration (�g mL−1)

IC50 value (�g mL−1)

As shown in Table 1 the result of RLS/MTT screening method
as consistent with that of MTT assay, which proved the method

ccuracy. Meanwhile, DDP has higher antitumor activity than other
nticancer drugs by the relative antitumor activity value, which
uggests DDP has more antitumor effect than others against H22
ell. Table 2 displayed that the slope of linear regression equation
f RLS/MTT method was larger than that of the traditional MTT
olorimetric method, which disclosed this method has higher sen-
itivity. Therefore, the RLS/MTT screening method is a useful tool
o be used in practical applications.
.7. Mechanism of the reactive

MTT was reduced by viable cancer cells to produce the formazan
hich induces RLS signal. Cells viability was proportional to the

among four anticancer drugs against H22 cell by RLS/MTT method and MTT method.

Relative antitumor activity

MTT method RLS/MTT method MTT method

4.12 ± 0.06 2.51 2.42
1.83 ± 0.08 6.71 5.46

33.5 ± 0.07 0.09 0.089
26.9 ± 0.21 0.12 0.11

121.3 ± 0.31 0.09 0.08
275.1 ± 0.45 0.04 0.036
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umber of formazan. As different anticancer drugs caused cancer
ells varying degrees of growth inhibition or even death, the ability
f H22 cells after treated with different anticancer drugs to produce
he formazan was different. It reflected the differentiation of RLS
ntensity at the maximum scattering peak in the RLS/MTT screening
pectra. The different RLS intensities represented the differentia-
ion of inhibition rates of six anticancer agents against H22 cells.
he inhibition rate of anticancer drug was found to vary inversely
ith RLS intensity of the H22–MTT system. Moreover, the antitu-
or effectiveness of different anticancer drugs is properly ordered

n the RLS/MTT screening spectra, only even looking at the raw data
ithout manipulation. Therefore, an intuitive method of screening

nticancer drug in vitro using RLS technique was proposed in this
ontribution.

. Conclusion

The RLS/MTT screening assay was developed for rapidly screen-
ng anticancer drugs in vitro. The result showed that the RLS/MTT
creening assay was an inexpensive, simple and fast procedure
hich required only measuring the RLS intensity. It can be intu-

tive to see the differentiation of the tumor suppressive activity
f anticancer drugs without data processing in RLS/MTT screen-
ng spectra. Compared with the traditional MTT method, this

ethod has higher sensitivity. In addition, this method can be easily
dapted to high throughput drug screening in vitro, which can also
e used to screen potential anticancer drug from large candidate

ibraries.
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a b s t r a c t

A rapid, specific and sensitive method for assay of Escherichia coli (E. coli) using biofunctional magnetic
nanoparticles (BMNPs) in combination with adenosine triphosphate (ATP) bioluminescence was pro-
posed. The BMNPs were fabricated by immobilizing a specific anti-E. coli antibody on the surface of
amine-functionalized magnetic nanoparticles (about 20 nm in diameter), and then was applied to capture
the target bacteria E. coli from samples. The BMNPs exhibited high capture efficiency to E. coli. Transmis-
sion electron microscope (TEM) images showed that the BMNPs were bound to the surface of entire E.
coli cells. The target bacteria became magnetic so that could be isolated easily from the sample solution
by employing an external magnetic field. The concentration of E. coli captured by the BMNPs was then
detected by an ATP bioluminescence method. The optimization of ATP measurement was carried out to
(BMNPs)

Antibody
Amine-functionalized magnetic
nanoparticles
A

improve the detection sensitivity. The proposed method was applied to detect the E. coli inoculated into
pasteurized milk with low detection limit (20 cfu/mL) and short detection time (about 1 h).

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Escherichia coli (E. coli), which are found in large numbers among
he intestine of humans and other warm-blooded animals spread
broad in natural environment, are the major cause of infection
utbreaks with serious consequences. In particular, the serotype
157:H7 associate with several human diseases including diar-

hoea, hemorrhagic colitis and hemolytic–uremic syndrome [1].
ne of the largest outbreaks occurred in Japan in 1996, where over
0,000 people were infected and 11 died [2]. Conventional microbi-
logical methods for E. coli detection relying on the cell culture are
till the most definite method, but the incubation period needed is
oo long (24–48 h) to meet the need of real-time microbial detection
3]. More recently, several rapid assays for detecting E. coli based
n different measuring principles, such as polymerase chain reac-
ion [4–7], immunoassay [8,9], optical assay [10,11] etc., have been
eveloped. Although these methods shortened the detection time

arying from several hours to 1 day, many of these methods are still
ime-consuming and poor in sensitivity.

In the recent years, with the rapid development of nanostruc-
ured materials and nanotechnology in the fields of biotechnology

∗ Corresponding author. Tel.: +86 21 62232627; fax: +86 21 62232627.
E-mail address: ltjin@chem.ecnu.edu.cn (L. Jin).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.09.014
nd pathogen detection, magnetic nanoparticles (MNPs) especially
eceive considerable attention. Due to their numerous attributes,
uch as magnetic properties, low toxicity and biocompatibility, they
re attractive and strong candidates for applications in diagnosis,
eparations, and magnetic resonance imaging for detection [12–16].
n particular, some important progress in pathogen detection
17–21] has been made based on well-synthesized and function-
lized iron oxide nanoparticles. For example, El-Boubbou et al. had
emonstrated magnetic glyco-nanoparticle (MGNP)-based system
o not only detect E. coli, but also remove up to 88% of the target bac-
eria from the medium [18]. Gao et al. combined fluorescent probes
nd magnetic nanoparticles for rapid detection of traces of bacteria
n human blood within 2 h [19]. Lin et al. employed vancomycin-

odified magnetic nanoparticles as affinity probes to selectively
rap Gram-positive pathogens from sample solutions [20]. The bac-
eria isolated from sample solution by applying a magnetic field
ould be detected rapidly by MALDI-MS analysis.

The detection of the bacterial number by the adenosine triphos-
hate (ATP) bioluminescence method is known to be highly in
ccordance with the plate count method [23,24], and the ATP bio-
uminescence can estimate the concentration of viable bacterial
ithin minutes. However, since ATP is ubiquitous in all living cells,
he measurement does not provide sufficient information on the
dentity of target cells. In the present work, we had functional-
zed magnetic nanoparticles by immobilizing anti-E. coli antibody
n the surface of amine-functionalized magnetic nanoparticles to
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was placed into the bioluminescence cell, and 50 �L of extracellu-
Y. Cheng et al. / Tala

abricate BMNPs, which could concentrate traces of E. coli from
ample solution with high capture efficiency. The BMNPs con-
ugated with the target bacteria were easily isolated from the
olution by applying an external magnet, and the separated bac-
eria were detected by using the ATP bioluminescence. Due to
he extraordinary properties of the BMNPs, the proposed method
ossessed high specificity, low detection limit and short assay
ime.

. Experimental

.1. Reagents and apparatus

Avidin, N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
imethlyaminopropyl) carbodiimide (EDC) were purchased from
igma Company (St. Louis, MO, USA). Goat anti-E. coli polyclonal
ntibody and rabbit anti-E. coli polyclonal biotin-labeled antibody
ere obtained from Abcam (Cambridge, UK). FeCl3·6H2O, 1,6-
exanediamine, bovine serum albumin (BSA), N-(2-Hydroxyethyl)
iperazine-N′-2-ethanesulfonic acid (Hepes), magnesium acetate,
ithiothreitol, EDTA, dodecyl trimethyl ammonium bromide
DTAB) and �-cyclodextrin were purchased from Shanghai Chem-
cal Reagent Company (Shanghai, China). E. coli (BL21) was a
ift from School of Life Sciences, East China Normal University
Shanghai, China).

Extracellular ATP eliminator reagent, luciferase from firefly and
-luciferin were purchased from Shenyang Zhongke Liangma Bio-
ngineering Co. Ltd. (Shenyang, China). Intracellular extraction
eagent was prepared by dissolving different concentration of
TAB in Tris–EDTA buffer. Luciferin–luciferase bioluminescence

eagent was prepared in 5 mL Hepes buffer (50 mM, pH = 7.8) con-
ained 0.5 mg/mL of luciferase, 0.3 mM luciferin, 10 mM magnesium
cetate, 10 mg of BSA, 1.0 mM dithiothreitol, 1.0 mM EDTA and 2%
-cyclodextrin.

Transmission electron microscopy (TEM) images of the E. coli
aptured by BMNPs were obtained on JEOL 2100 electron micro-
copes (JEOL Ltd., Tokyo, Japan). Fourier transform infrared (FTIR)
pectrum was acquired at ambient temperature using a NEXUS470
ptical bench (Nicolet). The ATP bioluminescence intensity was
ead on Model 3560 (10×) Microluminometer (New Horizons Diag-
ostics Corporation, Columbia, USA).

.2. Preparation of amine-functionalized magnetic nanoparticles

The amine-functionalized Fe3O4 were prepared by a facile one-
ot method according to the literature [25]. Briefly, a solution of
nhydrous sodium acetate (2.0 g), 1,6-hexanediamine (7.0 g) and
eCl3·6H2O (1.0 g) dissolved in 30 mL glycol was stirred vigorously
t 50 ◦C to get a transparent solution. The as-prepared solution
as transferred into a Teflon-lined autoclave and reacted at 200 ◦C

or 6 h. The magnetite nanoparticles were collected by applying
n external magnetic field and rinsed with water and ethanol to
emove the solvent and unbound 1,6-hexanediamine. Then, the
anoparticles were dried at 50 ◦C before characterization and appli-
ation.

.3. Fabrication of BMNPs

.3.1. Strategy A
3 mg amine-functionalized magnetic nanoparticles were dis-
ersed in 6 mL PBS buffer solution (10 mM, pH 7.4) by ultrasound
rradiation technology. Then, polyclonal antibody (250 �L) at a con-
entration of 4 mg/mL, EDC (2.3 mg) and NHS (5.2 mg) was added
nto the magnetic nanoparitcles solution. The magnetic nanoparti-
les were incubated at 37 ◦C with gentle agitation for 24 h. After the

l
T
o
t
t

cheme 1. Schematic representation of strategies A and B used to prepare the
MNPs.

eaction was completed, the forming BMNPs were isolated under
n external magnetic field and washed with PBS buffer twice. The
MNPs were resuspended in 3.0 mL PBS, and stored at 4 ◦C until
se.

.3.2. Strategy B
Avidin conjugation to magnetic nanoparticles (3 mg) used

he above procedure except that the antibody was changed to
vidin. After the separation and wash steps, the avidin conju-
ated magnetic nanoparticles were resuspended in 2.5 mL PBS, and
dded with 50 �L of biotin-labeled antiboby at a concentration of
mg/mL. The mixture was gently stirred for 1 h, and washed with
BS by magnetic field separation to remove the free biotin-labeled
ntibody. Scheme 1 shows the processes of the fabrication of BMNPs
y two strategies.

.4. Cultivation of E. coli

E. coli (BL21) cultures were grown overnight in LB medium at
7 ◦C with aeration by shaking, which allowed the growing sta-
ionary phase to be reached. For detecting the density of E. coli,
he stationary phase E. coli cultures were serially diluted (10-fold
teps) 107 times with LB medium, and 100 �L diluted solution of E.
oli was plated on LB agar plates. After incubation at 37 ◦C for 24 h,
. coli colonies on plates were counted to determine the number of
olony-forming units per milliliter (cfu/mL).

.5. Capture of E. coli by BMNPs

Pure culture of the E. coli at the stationary phase was centrifuged
t 12,000 g for 10 min to remove the growth medium. The reserved
acterial pellets were resuspended in PBS (0.01 M, pH 7.4) and then
erially diluted from 103 to 108 cfu/mL. 120 �L of BMNPs prepared
bove was added into 1 mL of E. coli solution with serial concentra-
ion. The mixture was gently shaken for 1 h at room temperature
nd the E. coli captured by BMNPs were separated by an external
agnet.

.6. ATP bioluminescence measurement

50 �L of E. coli solution or E. coli binding with BMNPs solution
ar eliminator reagent was added to remove all non-bacterial ATP.
hen, 50 �L of 0.2% DTAB as ATP extractant was added to release ATP
f bacteria cells. Finally, luciferin–luciferase was added to generate
he bioluminescence which was detected by microluminometer in
he form of relative light units (RLUs).
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.7. Sample preparation and detection

Pasteurized milk was purchased from the local supermarket.
0 ml of pasteurized milk was inoculated with E. coli at a concen-
ration of 5 × 106 cfu/mL. The inoculated sample was then taken
hrough a 10-fold serial dilution in uninoculated pasteurized milk
o obtain samples at the concentration ranging from 5 × 101 to
× 106 cfu/mL. A similar method was adopted for pasteurized apple

uice and tap water. Ground beef was purchased from a grocery
tore. 1 g ground beef was mixed with 10 mL E. coli solution at the
oncentration of 1 × 105 cfu/mL. Then, the samples were homoge-
ized by vigorously shaking for 5 min.

240 �L of BMNPs were added into 2.0 mL of milk, apple juice,
ap water and ground beef samples prepared above. After gentle
haking at 37 ◦C for 1 h, the E. coli cells captured by the BMNPs
ere isolated magnetically and resuspended in 50 �L of PBS. The

uspension of E. coli binding with BMNPs was placed into the bio-
uminescence cell and the ATP bioluminescence was measured.

. Results and discussion

.1. Characterization of amine-functionalized magnetic
anoparticles

The amine-functionalized magnetic nanoparticles were pre-
ared by a facile one-pot strategy using FeCl3·6H2O as a single

ron source and 1,6-hexadiamine as a ligand. Transmission electron
icroscope (TEM) observation indicates that the as-prepared mag-

etic nanoparticles are about 20 nm in diameter (Fig. 1). Compared
o magnetic beads (1–5 �m in diameter) used in biological separa-
ion, the magnetic nanoparticles possess high surface/volume ratio,
hich can provide more contact surface area for attaching anti-

ody and for capturing pathogens [17]. Moreover, the small size of
agnetic nanoparticles allows the affinity of multiple MNPs onto
bacterial cell rendering easy magnet-mediated separation [17,22]
nd fast detection.

Fourier transform infrared (FTIR) spectroscopy was used to
haracterize the amine-functionalized magnetite nanoparticles. As
an be seen from Fig. 2, The strong IR band at 584 cm−1 was

haracteristic of the Fe–O vibrations [26], and the appearance of
eak around 1624 and 1457 cm−1 can be attributed to the exis-
ence of the free –NH2 group on the nanoparticles, which proved
hat the amine groups had been functionalized on the surface of

Fig. 1. TEM image of amine-functionalized magnetic nanoparticles.
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ig. 2. FTIR spectra of unmodified (a) and amine-functionalized (b) magnetic
anoparticles.

agnetic nanoparticles. The magnetic nanoparticles coated with
mine groups made them convenient to bioconjugate with bio-
ogical macromolecules, such as protein, nucleic acid, antibody,
tc.

.2. Preparation of BMNPs

To prepare the BMNPs, the appropriate antibody should be
elected. The range of specificity and type of antigen to conju-
ate with the antibody were considered. For detection of E. coli in
rinking water and food sample, polyclonal antibody was neces-
ary in contrast to monoclonal antibodies because the types of E.
oli in drinking water and food samples were diverse. The antibod-
es were immobilized on the surface of the magnetic nanoparticles
y two strategies. In strategy A, anti-E. coli antibodies were directly
mmobilized onto the magnetic nanoparticles using carbodiimide
hemistry [27,28] to cross-link free carboxylic acid groups on anti-
odies with amine-containing nanoparticles; in strategy B, avidin
as first linked on the surface of magnetic nanoparticles as a bridge
olecule [29], then the biotin-antibodies were immobilized onto

vidin. For strategy A, antibodies were attached onto the magnetic
anopartilcles at random. Thus, some of the antigen binding sites
f the antibody may be blocked. Whereas, in strategy B, the biotin
abeled antibody was bound to the bridge molecule avidin, which
nsured that the antibody recognition sites were oriented away
rom the surface of magnetic nanoparticles. Furthermore, avidin,
hich has four capturing sites for biotin, provided both sufficient

inding opportunity and binding strength for biotin labeled anti-
ody. So, antibodies on the surface of magnetic nanoparticles could
e bound to the target bacteria easily and avidin-labeled magnetic
anoparticles may capture more cells. The BMNPs prepared by two
ifferent methods were used to capture the E. coli (2 × 105 cfu/mL)

n the PBS. We found that the capture efficiency of BMNPs prepared
y strategy B (about 90%) exhibited better binding performance
han those by strategy A (about 75%). Therefore, the BMNPs pre-
ared by strategy B were used for the further work.

.3. Capture of E. coli by BMNPs

Fig. 3 presents the TEM image that was obtained by employing
he BMNPs to capture the target bacteria in E. coli solution. Inset
f Fig. 3 is one of the magnified TEM images of E. coli binding with

MNPs. The result showed that the shape of E. coli was ellipse with
bout 2 �m long and the BMNPs were bound to the surface of entire
. coli cells. The target bacteria E. coli became magnetic and could be
solated easily from the sample solution by employing an external

agnetic field.
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3.5. Detection of E. coli in real samples

The method combining BMNPs with ATP bioluminescence was
applied to detect E. coli in pasteurized milk and apple juice. As
ig. 3. TEM image of E. coli binding with BMNPs. Inset is the magnified TEM image
f E. coli binding with BMNPs.

Because the BMNPs were applied to capture the E. coli and
mprove the specificity of ATP measurement, the capture efficiency
as important to get accurate results and high sensitivity. 1.0 mL of

. coli with different concentrations in PBS was added with 120 �L of
MNPs (1 mg/mL). The mixture was incubated with gentle shaking
t room temperature for 1 h. Then, the E. coli captured by BMNPs
ere concentrated by external magnet, and suspended in 1.0 mL

BS solution. The ATP bioluminescence of the captured E. coli were
easured and compared with that obtained without BMNPs cap-

ured. As can be seen from Table 1, the capture efficiency of BMNPs
o E. coli exceeds 90% at the low concentration. As the increase of
he density of E. coli, the capture efficiency decreased gradually,
hich may because that the BMNPs reach a saturation of bacte-

ial binding. However, it still remained 80% at the concentration
f 2 × 106 cfu/mL. Compared to the normal-size magnetic particles,
he nano-size BMNPs allowed the attachment of more magnetic
articles onto the bacterial cells, which resulted in better capture
erformance. Liu [30] and Fu [31] have reported that the capture
fficiency of normal-size magnetic particles was about 50%. These
esults showed that the BMNPs possessed excellent capture perfor-
ance to E. coli, which made traces of bacteria can be concentrated

rom sample and improved the sensitivity of the bioluminescence
etection.

.4. Optimum conditions for the ATP bioluminescence

easurement

Before the bioluminescence assay it is necessary to extract ATP
rom the bacterial cells because the intracellular ATP level can

able 1
apture efficiency of BMNPs to E. coli.

. coli sample
cfu/mL)

ATP bioluminescence
of total E. coli (RLU)

ATP bioluminescence
of E. coli captured by
BMNPs (RLU)

Capture
efficiency (%)

2 × 104 1,650 1,573 95.3
2 × 105 7,930 7,210 90.9
2 × 106 31,203 24,971 80.0

apture efficiency was described as the ratio of E. coli captured by BMNPs to original
. coli sample in the form of ATP bioluminescence. ATP bioluminescence intensity
as given as relative light units (RLUs).

F
b
2
A

ig. 4. Effect of DTAB concentration on the ATP bioluminescence intensity of
× 105 cfu/mL E. coli.

ot be measured without extraction. Trichloroacetic acid (TCA)
as often used as an ATP extractant [32]. However, TCA strongly

nterferes with the subsequent luciferase–luciferin assay unless the
xtract was highly diluted prior to assay, which decreased the sen-
itivity of intracellular ATP measurement. In this work, DTAB was
hosen as the extractant in that quaternary ammonium compounds
ive higher ATP yield than TCA according to the report [33]. In addi-
ion, the �-cyclodextrin can be used to neutralize the DTAB [34],
hich minimize the interference to luciferase–luciferin assay, and

mproved the detection sensitivity.
The extraction performance of DTAB at various concentrations

0.05, 0.1, 0.2, 0.5, 1, 2%) was investigated in 2 × 105 cfu/mL E.
oli sample. As can be seen from Fig. 4, the ATP bioluminescence
ncreased as the concentration of DTAB increased. However, an
ncrease in the DTAB concentration over 0.2% did not enhance the
TP bioluminescence intensity; on the contrary, the biolumines-
ence intensity decreased because that the DTAB may inactivate
refly luciferase. Thus, 0.2% DTAB was chosen as the optimum DTAB
oncentration. On the other hand, the effect of �-cyclodextrin (0.5,
, 2, 5, 10%) on the response of bioluminescence was also studied.
he result obtained was that the optimum �-cyclodextrin concen-
ration was 2%.
ig. 5. ATP bioluminescence intensity of E. coli at different concentrations captured
y BMNPs from pasteurized milk. The E. coli binding with BMNPs separated from
mL of original E. coli solution was resuspended in 50 �L PBS, and then detected by
TP bioluminescence assay.
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ig. 6. Comparison of various real samples artificially contaminated with E. coli
1 × 105 cfu/mL). The rates obtained were compared to the milk (1 × 105 cfu/mL)
hich was regarded as 100%. Detection was performed as described in Fig. 5.

hown in Fig. 5, E. coli can be determined in the range of 2 × 101 to
× 106 cfu/mL with a detection limit of 20 cfu/mL. The whole pro-
edure for detecting the E. coli took about 1 h. The detection limit
nd assay time obtained in this work were found to be superior to
ther techniques. For example, a fluorescent bacteriophage assay
FBA) for the detection of E. coli was developed by Goodridge et
l. [35], 10–100 cfu/mL of E. coli in contaminated raw milk were
etectable after a 10 h enrichment step. Tims and Lim reported
hat E. coli was determined at the 103 cfu/mL level in less than 10 h
sing optical immunoassay, enrichment, and PCR steps [36]. A flow-
ype antibody sensor was applied to detect E. coli in various food
amples ranging from 1.7 × 105 to 8.7 × 107 cfu/mL within 30 min
37]. Gehring et al. developed an enzyme-linked immunomagnetic
hemiluminescence method to detect E. coli in pristine buffered
aline yielding detection limits of approximate 1 × 105 to 1 × 106 of
ive cfu/mL for 1.5 h [38].

Ground beef, apple juice and tap water were also tested by con-
aminating the samples with E. coli. Fig. 6 shows the rates for beef,
pple juice, and tap water samples, which was compared to the
ilk. The rate for the apple juice (117%) and tap water (126%) sam-

les were higher than that of milk (100%). However, in the case of
round beef, the rate (76%) was less than that of the milk. Although
he method was used for beef, apple juice, milk, and tap water sam-
les in this work, it has the potential to be employed in other kind
f food or drink sample. Variation in the detection from one kind of
ample to another can be avoided by calibrating in the same matrix
s the samples.

. Conclusion

In this work, BMNPs were prepared by attaching the antibody on
he amine-functionalized magnetic nanoparticles, and were further

pplied to detect the E. coli in pasteurized milk. The BMNPs exhib-
ted high capture efficiency to E. coli. The E. coli cells were separated
rom the sample and detected by ATP bioluminescence assay. The
roposed method could detect E. coli in pasteurized milk ranging
rom 2 × 101 to 2 × 106 cfu/mL with a detection limit of 20 cfu/mL,

[
[
[
[
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nd the total detection time was about 1 h. Since the preparation
f surface functionalization magnetic nanoparticles is low-cost and
eproducible, the method combining the BMNPs with ATP biolumi-
escence illustrated much potential in bacterial detection.
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a b s t r a c t

In this study, a new capillary electrophoresis (CE) method is described originally for the sensitive and selec-
tive determination of short-chain aliphatic amines in biological samples. These amines were converted
into their N-hydroxysuccinimidyl fluorescein-O-acetate (SIFA) derivatives and measured by micellar
electrokinetic capillary chromatography with laser-induced fluorescence detection. The derivatization
conditions and separation parameters for the aliphatic amines were optimized in detail. The SIFA-labeled
amines were fully separated within 8.5 min using 25 mM pH 9.6 boric acid electrolyte containing 60 mM
eywords:
liphatic amines
iological samples
apillary electrophoresis
erivatization
aser-induced fluorescence detection

sodium dodecyl sulfate (SDS). The parameters of validation such as linearity of response, precision and
detection limits were determined. The detection limits were obtained in the range from 0.02 to 0.1 nM,
which was the lowest value reported by CE methods. The developed method was successfully employed
to monitor aliphatic amines in serum and cells samples. After comparison of other CE methods using
different fluorescent probes, the present method represents a powerful tool for the trace determination
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-Hydroxysuccinimidyl
uorescein-O-acetate

of aliphatic amines in com

. Introduction

Short-chain aliphatic amines like methylamine (MA),
thylamine (EA), n-propylamine (PrA), n-butylamine (BA), n-
entylamine (PA), are industrial important chemicals with a wide
ange of applications. They are used as raw materials or as chemical
ntermediates in the production of pharmaceuticals, pesticides,
olymers, detonator, dyestuffs, emulsifier, rubber products and
orrosion inhibitors [1–3]. As we all know, these amines not only
ave unpleasant smell but also possess hazards, because they are
trongly irritant to eye, nose, skin, mucous membranes and respi-
atory tract, and some are precursors of N-nitrosamines, which are
arcinogenic substances [4,5]. In addition, most aliphatic amines
re common components of biological systems as biodegradation

roducts of organic mater such as proteins, amino acids, and other
itrogen-containing compounds [6,7]. Thus, these amines also
xist in biological samples besides in foods and environmental
amples. Consequently, the accurate determination of aliphatic

∗ Corresponding author. Tel.: +86 27 87218924; fax: +86 27 68754067.
E-mail address: hshzhang@whu.edu.cn (H.-S. Zhang).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.09.013
biological samples.
© 2008 Elsevier B.V. All rights reserved.

mines at trace levels is highly significant for toxicology, clinical
hemistry, environment science, food quality, biomedical research,
nd so on.

Until now, many analytical methods have been developed
o determine aliphatic amines mostly involving spectrofluorime-
ry [8,9], thin-layer chromatography [10,11], gas chromatography
12–14], and high performance liquid chromatography (HPLC)
15–18]. However, these methods usually have limitations such
s low sensitivity, ghosting peaks, long analytical time, complex
xtraction process, and relatively large sample volume of require-
ent [18–20]. In recently years, capillary electrophoresis (CE) has

ecome a popular analytical tool because both electric field and
hemical equilibria are used in the separation process. Thus, the
eparation of CE relies on mobility differences between the analytes
nteraction with additives [21]. On the other hand, laser-induced
uorescence (LIF) detection is one of the most sensitive detection
echniques in CE, which is capable of achieving the concentration
etection limits below 10−13 M and the mass detection limits less

han 10 molecules [22,23]. Due to the advantages of high sensitiv-
ty, rapid resolution, high separation efficiency and small sample
ize, CE-LIF system has been demonstrated to be powerful for the
etermination of low-concentration aliphatic amines in biological
amples.
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However, aliphatic amines are rather insensitive towards LIF
etector owing to the absence of chromophores in most of them.
or this reason, chemical derivatization prior to analysis by CE-
IF is necessary to transform the aliphatic amines into derivatives
hat can be more easily isolated, resolved and detected. This
eads to the appearance of many derivatization reagents in CE

ethods, e.g., o-phthalaldehyde (OPA) [24], fluorescein isothio-
yanate (FITC) [25,26], naphthalene-2,3-dicarboxaldehyde (NDA)
27] and 6-oxy-(N-succinimidyl acetate)-9-(2′-methoxycarbonyl)
uorescein (SAMF) [20]. The proposed method used OPA as a label-

ng reagent for aliphatic amines is not applied to the detection of
hem in real samples [24]. The other CE methods available using
erivatization with FITC, NDA and SAMF are applied to the deter-
ination of aliphatic amines in foods and environmental samples

uch as water, atmospheric aerosol and beers. While in biological
amples, as far as we know, no studies have been published in the
iterature on the application of CE to the determination of aliphatic
mines.

N-Hydroxysuccinimidyl fluorescein-O-acetate (SIFA) was syn-
hesized in our laboratory for amine labeling [28]. Because of its
igh fluorescence quantum efficiency, fast labeling reaction, mild
erivatization conditions and few side products, SIFA has been suc-
essfully used for the analysis of a series of amino compounds with
PLC and CE in our previous research [28–33]. The aim of this work
as to establish a sensitive and selective method for the trace deter-
ination of short-chain aliphatic amines using SIFA as a labeling

eagent with CE-LIF in biological samples. This work deals with the
ptimization conditions of CE separation and chemical derivatiza-
ion. Under the optimized conditions, five labeled aliphatic amines
an be well separated within 8.5 min. Using the proposed CE-LIF
ethod, aliphatic amines in human prostate carcinoma DU-145

ells, serum of healthy volunteer and hypertension patient were
uantified with satisfactory recoveries varying from 93.5 to 103.5%.
o the best of our knowledge, this is the first time to determine
liphatic amines in biological samples by CE-LIF system.

. Experimental

.1. Instrumentation

CE experiments were carried out on a P/ACE MDQ Capillary
lectrophoresis System (Beckman–Fullerton, CA, USA) with an LIF
etector and a photo DAD (190–600 nm). An argon ion laser (3 mW)
as used as excitation source (488 nm) and the electropherograms
ere recorded by monitoring the emission intensity at 520 nm. The
AD was set at 235 nm for the electroosmotic flow (EOF) marker,

hiourea. Electrophoretic separation was performed in an uncoated
used-silica capillary (60.2 cm, 50 cm to the detector, 75 �m I.D.,
ongnian Optic Fiber, Hebei, China) at 25 ◦C. Samples were intro-

uced into the capillary from the anodic side by pressure of 0.5 psi
or 5 s and the injection volume was approximately 25 nL. Separa-
ion was performed at a constant voltage of 25 kV.

New capillaries were successively preconditioned with
ethanol, H2O, 0.1 M HCl, H2O, 0.1 M NaOH and H2O for 5, 5,

a
y
a
a
u

Fig. 1. The reaction of SIFA w
7 (2009) 1337–1342

0, 5, 30, 5 min, respectively. Each day before starting the measure-
ents, the capillary was rinsed with 0.1 M NaOH for 5 min, H2O

or 5 min, and then running buffer for 10 min using a pressure of
0 psi. Between analyses it was flushed with 0.1 M NaOH for 5 min,
2O for 5 min, and the running buffer for 5 min.

The pH values of solutions were measured using a DELTA 320
H meter (Mettler-Toledo, Shanghai, China). The biological samples
ere treated using a refrigerated centrifuge (Mikro 22R, Hettich,
ermany).

.2. Chemicals and reagents

All the chemicals were of analytical reagent grade, unless spe-
ially stated otherwise. SIFA was synthesized in our laboratory and a
× 10−2 M solution was prepared in anhydrous acetonitrile. Methy-

amine, ethylamine, n-propylamine, n-butylamine, n-pentylamine,
-hexylamine (HA), thiourea and all amino acids were purchased
rom Shanghai Chemicals Company (Shanghai, China). Sodium
odecyl sulfate (SDS) and histamine were obtained from Sigma
St. Louis, MO, USA). Spermine, spermidine and putrescine, in the
orm of hydrochloride salts, were obtained from Acros Organics
Belgium).

All aqueous solutions were prepared from deionized water puri-
ed with a Milli-Q system (Millipore, Bedford, MA, USA). Stock
olution of aliphatic amines was prepared in water at a con-
entration of 1 × 10−3 M and diluted sequentially to the required
oncentration when used. The running buffer was prepared by dis-
olving certain concentrations boric acid and SDS into deionized
ater and the pH of the solution was adjusted by dropwise adding
.1 M NaOH. Before used, the buffer solutions were filtered through
.22 �m membrane filters and degassed in an ultrasonic bath for
min. PBS consisted of 8.0 g/L NaCl, 0.2 g/L KCl, 2.88 g/L Na2HPO4
nd 0.2 g/L K2HPO4, and the pH was adjusted to 7.4 by adding 0.1 M
Cl.

.3. Derivatization procedure

The chemical structure of SIFA and its reaction with aliphatic
mines are shown in Fig. 1. The derivatization procedure is similar
o our previous works [27,28,32]. To the standard solution contain-
ng appropriate amount of aliphatic amines, 50 �L of boric acid
uffer (pH 8.5) and 10 �L of 3 × 10−2 M SIFA solution were added,
nd the total volume was diluted to 1 mL with deionized water.
hen, the mixture was homogenized and incubated at 45 ◦C for
0 min.

.4. Sample preparation

Human blood samples were collected from healthy volunteer

nd hypertension patient treated at the Hospital of Wuchang Ship-
ard Workers. All the blood samples were obtained by venipuncture
nd centrifuged at 10,000 rpm for 10 min after standing for 2 h
t room temperature. The obtained sera were stored at −35 ◦C
ntil analysis. When use, the serum sample was thawed and

ith aliphatic amines.
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eproteinized by adding 150 �L of acetonitrile to 100 �L sample.
fter vigorously shaking for 2 min, the mixture was centrifuged at
0,000 rpm for 8 min at 4 ◦C. Aliquots of the supernatant were used
or the derivatization as described above.

The human prostate carcinoma DU-145 cells were generously
rovided by Min Xie (Department of Chemistry, Wuhan University,
uhan, China). The DU-145 cells were adherent on the wall. Before

nalysis, the growth medium was spilled and roughly 2 × 106 DU-
45 cells were left on the wall. About 1 mL of 0.25% trypsin-EDTA
olution was added to the flask and placed in the bioculture box
or 1 min to digest the cells. Then, about 2 × 105 DU-145 cells were
ollected by centrifugation at approximately 1000 rpm for 5 min
t room temperature. Subsequently, the cells were washed three
imes with cold PBS buffer and resuspended in 0.1 mL of water.
he mixture was ultrasonic vibrated for 5 min to lyse the cells and
hen was centrifuged at 5000 rpm for 10 min. The supernatant was
ollected and an equal volume of chloroform was added, mixed,
nd shaken vigorously to precipitate proteins. After centrifuga-
ion at 10,000 rpm for 15 min, the supernatants were derivatized
ccording to the same procedure as mentioned above to determine
liphatic amines.

. Results and discussion

.1. Optimization of CE separation conditions

Taking into account of the size of the derivatization agent com-
ared to those of the analyzed amines, it is obvious that all the
onsidered amines – SIFA would have the same electrophoretic
obility (the same ratio charge/size) and thus any separation

n capillary zone electrophoresis was doomed to failure. Conse-
uently, micellar electrokinetic capillary chromatography (MEKC),
hich involves the use of charged micelles to separate uncharged

nd charged molecules by means of a micellar pseudo-phase that
s created through hydrophobic interactions between molecules
nd surfactant, was employed in this experiment. Various separa-
ion variables including background electrolyte (BGE) and applied
oltage were optimized in order to ensure good sensitivity and
electivity.

.1.1. The effect of surfactant concentration
In MEKC separation, the concentration of surfactant added in the

unning buffer plays a key role in amelioration of separation res-
lution. The most popular anionic surfactant for MEKC is SDS. So,
he effect of SDS concentration on resolution was first examined
n this study. It was found that the labeled MA migrated together

ith the hydrolysate of SIFA (fluorescein-O-acetic acid, FOAA) when
he concentration of SDS was equal to or less than 50 mM (see
ig. 2A). With the increase of SDS concentration, the separation
electivity was improved. As demonstrated in Fig. 2B, the complete
esolution of the five derivatives was achieved with 60 mM SDS.
urther increasing the SDS concentration did not improve resolu-
ion significantly but resulted in excessively long migration times.
ccordingly, 60 mM concentration of SDS was adopted for further

nvestigation.

.1.2. The influence of buffer concentration
The ionic strength of running buffer is a significant factor for

E separation. In this work, boric acid buffer was chosen as BGE
ecause it provides much smaller current and smoother baseline

han borate buffer when the electrolytes are at the same concentra-
ion and pH value. To explore different buffer conditions, boric acid
uffer at 15, 20, 25, 30, and 40 mM were evaluated with 60 mM SDS.
s the buffer concentration increased, improvement of the separa-

ion of aliphatic amines was observed duo to the decrease of EOF.

p

3

r

emperature: 25 ◦C; injection 5 s at 34.5 mbar. Amine concentration: 1 �M; (B) peaks
s in (A), running buffer: 25 mM H3BO3, 60 mM SDS, pH 9.6; other conditions as in
A). (C) Peaks: (1) Thiourea. Detection: DAD, 235 nm. Maker concentration: 1 mM.
ther conditions as in (B).

hen the concentration of boric acid buffer reached 25 mM, SIFA
abeled aliphatic amines were fully separated in relatively short
ime. Nevertheless, higher concentrations could result in tedious
nalysis time. Considering both the resolution and the analysis
ime, 25 mM boric acid was chosen as the optimum buffer con-
entration.

.1.3. The effect of buffer pH
pH value of running buffer, which can influence the mobility of

nalytes by adjusting the velocity of EOF and the charges of ana-
ytes, has been regard as one of the most important parameters for
E separation. The effect of pH values of boric acid electrolyte on
he separation was also investigated. It was found that the peak
f labeled EA was not baseline separated with an unwanted peak
hen pH value was less than 9.4. The satisfactory resolution of the
ve amines can be achieved at pH 9.6 as well as 9.8 and 10.2. But the
igration times were prolonged and the derivative peaks became
orse, when higher pH values were employed. Based on the results,

H 9.6 boric acid electrolyte was used in this experiment.

.1.4. Effect of other separation parameters
Other separation parameters such as sample injection, sepa-

ation voltage and capillary temperature were further optimized.
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Fig. 3. Electropherograms of the separation of SIFA labeled aliphatic amines in the
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resence of other amino compound. Peaks 1–5 and electrophoretic conditions were
he same in Fig. 2B. (A) Peaks: (6) Lysine; (7) Histidine; (8) Arginine; (9) all neutral
mino acids; (10) Glutamate; (11) Aspartate. (B) Peaks: (6) Histamine; (7) Putrescine;
8) Spermine; (9) Spermidine.

fter compared pressure and electrokinetic injection mode, pres-
ure injection mode was chosen in this study. Increasing voltage
ould speed up separation and improve selectivity until it reached
5 kV. Optimization of the capillary temperature led to the selection
f 25 ◦C.

In summary, 25 mM H3BO3 (pH 9.6) containing 60 mM SDS was
sed for the best separation. The voltage applied was 25 kV, and
he capillary temperature selected was 25 ◦C. Under the optimized
onditions, the five SIFA tagged aliphatic amines were completely
esolved within 8.5 min in the order of MA, EA, PrA, BA and PA, as
hown in Fig. 2B. Moreover, Fig. 2C shows the EOF marker, thiourea,
sing a DAD at 235 nm under the above-mentioned separation con-
itions.

.2. Selectivity of the method

Because SIFA can react with amino acids that usually exist in

iological samples, their existence may interfere with the determi-
ation of aliphatic amines. In order to assess the selectivity of the
eveloped method toward the five short-chain aliphatic amines, a
ixture of common amino acids was analyzed under the optimized

onditions. As shown in Fig. 3A, the migration time of alkaline and

a
t
i
w
a

able 1
alibration range, regression equation, correlation coefficients, RSDs, and LOD

nalyte Calibration range (�M) Regression equationa

A 0.002–2 y = (7.46 ± 0.03) × 106x + (8.77 ± 0.3) × 104

A 0.002–1 y = (6.09 ± 0.02) × 106x + (5.17 ± 0.1) × 103

rA 0.006–2 y = (7.19 ± 0.01) × 106x − (3.97 ± 0.08) × 104

A 0.002–2 y = (8.56 ± 0.04) × 106x + (5.41 ± 0.2) × 104

A 0.005–1 y = (8.28 ± 0.03) × 106x − (3.44 ± 0.09) × 104

a x, concentration of aliphatic amines (�M); y, peak area of aliphatic amine derivatives
b MT, migration time; PA, peak area.
7 (2009) 1337–1342

eutral amino acid derivatives were much shorter than those of the
liphatic amines, and the two acidic amino acids (glutamate and
spartate) migrated between MA and EA. Furthermore, since sper-
ine, spermidine, putrescine and histamine have been detected in

ell samples [34–36], the interference from these biogenic amines
as also investigated under the above chosen conditions (Fig. 3B).

he migration time of labeled spermine and spermidine was found
o be longer than that of PA. Putrescine migrated between BA and
A, and histamine eluted between EA and PrA. Therefore, the peaks
f amino acids and biogenic amines did not co-migrate with the
argets of interest and did not make any interference. That is to
ay, the proposed method provided high selectivity toward the five
hort-chain aliphatic amines and allowed their quantitative deter-
ination in biological samples.

.3. Analytical calibration

The linearity of the present method was determined by analyz-
ng standard solutions of five aliphatic amines containing known
oncentrations ranging from 2 × 10−9 to 2 × 10−6 M under the opti-
um separation and derivatization conditions. The corresponding

alibration curves were constructed by plotting the peak area
gainst the analyte concentration. The results are listed in Table 1.
he correlation coefficients for each aliphatic amine were from
.9985 to 0.9997, which indicated good linearity over three magni-
ude orders.

In order to ensure the reproducibility of the method, the cap-
llary should be washed with NaOH, water, and running buffer
etween each run, since this washing process can effectively
liminate the adsorption of analytes onto the capillary wall. The
eproducibility of the method was evaluated with six sequential
uns of derivatized standard amine solution. Table 1 also shows
nter-day and intra-day repeatability in terms of relative standard
eviation (RSD) in migration time and peak area. RSD for migra-
ion time was excellent for both intra-day (≤0.75%) and inter-day
≤1.95%). Fairly good intra-day (≤1.42%) and inter-day (≤4.26%)
eproducibility for peak area was achieved.

The limits of detection (LOD) were taken as concentration that
ave a signal to noise ratio of 3. The LOD for the aliphatic amines
as between 0.02 and 0.1 nM, which was lower than LOD obtained

rom the previously reported CE method [20,24–27].

.4. Determination of aliphatic amines in biological samples

The present method was used to determine aliphatic amines
n serum of hypertension patient and healthy volunteer, as well

s human prostate carcinoma DU-145 cells. Fig. 4 illustrates the
ypical electropherograms of the biological samples. In order to
dentify the peak of aliphatic amines, standard addition approach
as employed as shown Fig. 4. The analytical results of samples

re summarized in Table 2. As seen in the table, some amounts of

r RSD (%, n = 6)b LOD (nM)

Intra-day Inter-day

MT PA MT PA

0.9995 0.35 1.01 0.37 2.27 0.02
0.9985 0.75 1.42 1.95 4.26 0.1
0.9993 0.74 0.54 0.76 1.26 0.1
0.9994 0.68 1.17 0.70 1.25 0.04
0.9997 0.72 0.80 1.78 2.14 0.05

in electropherogram.
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Fig. 4. Electropherograms obtained from three samples. (A) are serum of hyper-
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ension patient, (B) are serum of healthy volunteer, (C) are Du-145 cell. (a) the
ample, (b) the same sample spiked with 0.2 �M of standard amines. Electrophoretic
onditions and peaks were the same in Fig. 2B.

A, EA, PrA and BA were detected in serum samples, only EA and
rA were identified in DU-145 cells. In addition, PA did not exist
n all of the three samples. The recoveries ranged from 93.5% to
03.5% and the RSDs from 1.69% to 5.01%, which elucidated satis-
actory recoveries and acceptable reproducibility of the developed

ethod.

.5. Comparison of the present method with other CE methods for
he determination of aliphatic amines

Up to now, there are four derivatizing reagents used to label
liphatic amines in CE, including OPA, FITC, NDA and SAMF. The
verall comparison of the present method using SIFA with other CE
nes is given in Table 3. As can be seen, SIFA exhibits the lower reac-
ion velocity than OPA, NDA and SAMF, but higher reaction velocity
han FITC, which is widely used dye for amino compounds. The
urrent method offers the shortest separation time and the high-
st sensitivity in all the methods summarized here. Moreover, the

eveloped method has been successfully applied to the determina-
ion of aliphatic amines in biological samples such as serum and
ells, while other CE methods have detected them in foods and
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Table 3
Comparison of the present method with other CE ones

Reagent Derivatization Separation Detection LOD (nM) Sample Reference

T Time Medium Electrophoretic buffer Time (min)

SIFA 45 ◦C 30 min pH 8.5 H3BO3 buffer 25 mM H3BO3, 60 mM SDS,
pH 9.6

8.5 Ar+ LIF, 488 nm 0.02–0.1 Serum, cells This work

SAMF 30 ◦C 6 min pH 8.0 H3BO3 buffer 25 mM H3BO3, 24 mM SDS
12.5% v/v CH3CN, pH 9.0

15 Ar+ LIF, 488 nm 0.08–0.4 Beer [20]

OPA r.t.a 2–3 min 0.1 M tetraborate 20 mM sodium tetraborate,
100 mM SDS, 5%
acetonitrile, 10 mM �-CD,
pH 9.0

17 He–Cd LIF, 325 nm 89–460 Standards [24]

FITC r.t. 16–48 h 0.3 M NaHCO3 30 mM H3PO4, 25% CH30H,
pH 7.0

25 Ar+ LIF, 488 nm 1 Water [25]

FITC 21 ◦C 12 h pH 8.8 NaHCO3 20 mM borate, 20% 9.3 Ar+ LIF, 488 nm 0.9–5 Atmospheric aerosol [26]
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acetone, 5 mM DM-�-CD
DA r.t. 0.3–2 min pH 7.7 H3PO4–Na2B4O7 10 mM Tris–H3PO4, pH 4

a r.t.: room temperature.

. Conclusions

The proposed CE-LIF method based on derivatization with SIFA
ppears to be suitable for the rapid and sensitive determination
f aliphatic amines in biological samples. Optimum separation
as obtained using 25 mM H3BO3 (pH 9.6) containing 60 mM SDS
ithin 8.5 min. Detection limits for aliphatic amines of 0.02–0.1 nM
ere achieved. The efficient labeling and high quantum efficiency

f SIFA offers this CE-LIF method with outstanding advantages than
revious reported ones. With its simplicity, rapidity, low cost, high
ensitivity and good specificity, this approach displays great poten-
ial for the trace determination of aliphatic amines in complex
iological samples.
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a b s t r a c t

In this paper, the mechanism of the nitrobenzylpyridine (NBP) method to measure the alkylating activ-
ity of drugs originally described by Epstein et al. [J. Epstein, R.W. Rosenthal, R.J. Ess, Anal. Chem. 27
(1955) 1435–1439] and modified later by others was revisited using melphalan, m-sarcolysin, chloram-
bucil, cyclophosphamide and ifosfamide. Its direct application to determine the activity of these drugs in
human serum and aqueous media is described and discussed.

This method, based on the formation of a chromophore due to the reaction between the alkylating
agent and NBP, was significantly improved by extracting as quickly as possible the reaction product(s)
into chloroform before adding alkali to develop the color. This significantly limited the degradation by
hydrolysis of the products and enhanced the yield of the end chromophore in the organic phase. The
reaction time was optimized by monitoring each compound color development.

The best reaction time for each compound was selected and a higher stability of the extracted color
over at least 1 h was obtained (compared to a couple of minutes in previous studies). Most interestingly,
water evaporation due to heating had little or no effect on the linearity of standard curves evaluated in the
micromolar concentration range. Both the sensitivity and reproducibility of the method were therefore
significantly improved.

There appears to be a direct correlation between compound hydrolysis and alkylation activity; the

relative reactivity is different among the compounds owing to the rate of (i) production, (ii) the rela-
tive proportions and (iii) the hydrolysis of the intermediates. A general mechanism for the nucleophilic
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. Introduction

Alkylating agents were the first compounds identified to be use-
ul in cancer chemotherapy. Among the routinely used today in can-
er therapy are the nitrogen mustards alias (2-chloroethyl)amino
roup such as melphalan, chlorambucil, cyclophophamide and ifos-
amide. Once in the body, each chloroethyl side-chain undergoes an
ntermolecular cyclization with the release of a chloride anion. The

ighly reactive ethylene ammonium derivative so formed can inter-
ct with DNA mainly through the seven nitrogen atom of guanine
nd other residues thereby adding alkyl groups at oxygen, nitro-
en, phosphorous, or sulphur atoms [1]. This interaction, called
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ross-linking, prevents DNA strands from being separated for syn-
hesis and RNA transcription. The alkylating groups are known to
e temperature sensitive and undergo a rather rapid hydrolysis of
he chloroethyl groups making them inactive [2].

Various analytical procedures to monitor these alkylating drugs
n biological samples are described using TLC, LC or GC [3].
lthough the GC methods are very sensitive, they often require
derivatization procedure with, e.g. diethyldithiocarbamic acid

DDTC), trifluoroacetic anhydride (TFAA) or esterification with
iazomethane or heptafluorobutyric acid prior to analysis. The
evelopment of LC/GC coupled to MS markedly improved the selec-
ivity and sensitivity [3].
One suitable rapid simple technique that is highly selective
o determine the activity of bis(chloroethyl)containing alkylating
ompounds is the colorimetric NBP assay [4,5] originally designed
s a semi-quantitive visualization on TLC and later adapted for
uantification in aqueous and biological samples [6–9].
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The colorimetric assay employs nitrobenzyl pyridine (NBP,
pstein reagent) that acts as a substrate for the electrophilic binding
f the chloroethyl group. The reaction occurs at high temperature
100 ◦C) and in low acidic media. A violet chromophore is obtained
y adjusting the solution at a basic pH value. The original method
as substantially modified by Friedman and Boger [6] as follows:

i) an acetate buffer (pH 4.6, 0.025 M) replaced the phthalate buffer
pH 4.6, 0.025 M) to improve the drug reactivity with the Epstein
eagent; (ii) a heat denaturation step was applied to remove pro-
eins before adding the Epstein reagent; (iii) NaOH replaced K2CO3
r triethylamine to improve the yield of the end colored chro-
ophore; (iv) at the end of the reaction, instead of measuring

irectly the absorbance of the final mixture, an ethyl acetate extrac-
ion step was included to substantially increase the chromophore
ield and give more reproducible blanks [6].

Others, like, e.g. Christian et al. [8], adapted the Friedman
nd Boger’s procedure by using a higher concentration of Epstein
eagent, no ethylacetate extraction and triethylamine instead of
aOH to determine cyclophosphamide in mouse plasma.

The NBP method was already used to analyse mechlorethamine
6], melphalan [10], cypenhymustine [11], chlorambucil [12],
-(2-haloethyl)-1-nitrosoureas [7], cyclophosphamide [8] and ifos-
amide [13,14]. The methods, however, suffered from the high
nstability of the colored end product requiring the absorbance

easurement to be done within 3–5 min.
Our interest to have a reliable method for assessing the over-

ll alkylating activity of the chloroethyl group is related to several
onditions: (i) the difficulty to easily separate the hydrolyzed
hloroethyl groups of many drugs even by LC; (ii) the measurement
f the alkylating activity of the drug and its active metabolites; and
iii) the determination of the alkylating activity in complex media

uch as human serum and cell culture media.

While applying the NBP method to the determination of the
verall alkylating activity of a chlorinated compound and its active
etabolites, we made a series of observations that led us to revisit

he procedure and propose several critical modifications in order

2

b
w
w

able 1
ompound structure and conditions of the NBP method used for bischloroethyl alkylating

ame MW Structure

elphalan 305.2

-Sarcolysin 305.2

hlorambucil 304.2

yclophosphamide 261.1

fosfamide 261.1
77 (2009) 1370–1375 1371

o: (i) optimize the different experimental conditions; (ii) markedly
mprove the stability of the chromophore; and (iii) improve the sen-
itivity and reproducibility of the drug determination in biological
uids and cell culture media.

. Experimental

.1. Reagents and solutions

Group 1: melphalan (Alkeran®, GlaxoSmithKline, Belgium),
hlorambucil (Sigma–Aldrich, Belgium) and meta-sarcolysin
kindly provided by PTC Pharma AG, CH) were dissolved in
thanol/0.1 M HCl (50/50; v/v) solution and further diluted
n saline (0.9% NaCl, 0.154 M). Group 2: cyclophosphamide
Endoxan®, Baxter, Belgium) and ifosfamide (Holoxan®, Baxter,
elgium) were dissolved and diluted in saline (Table 1). Stock
olutions of 5% or 10% 4-(4-nitrobenzyl)pyridine (Sigma–Aldrich,
elgium) were prepared in methanol.

.2. Apparatus

Absorbance was measured by a Beckman spectrophotometer
DU-65 Beckman, Germany). LC analysis was performed on a Gilson
pparatus using a C18 column (150 mm × 4.6 mm) (Grace, Bel-
ium). For compounds of group 1, the run was performed under
cetonitrile/H2O gradient (30–70% acetonitrile over 30 min) con-
aining 0.01% TFA (trifluoroacetic acid). The injection volume was
0 �l and the UV detection was done at 254 nm.

.3. Determination of the chemical alkylating activity
.3.1. Melphalan, m-sarcolysin and chlorambucil (group 1)
One ml of the test sample containing the alkylating agent or

lank in saline, 0.2 M acetate buffer pH 5.0 and/or diluted serum
as incubated in a dry oven pre-heated at 100 ◦C for 30 min
ith a 5% (w/v) solution of 4-(4-nitrobenzyl) pyridine in sealed

drug measurement.

Time, temp., �max Chromophore extraction Ref.

15 min, 85 ◦C, 565 nm. Triethylamine/acetone [10]

– – –

20 min, 56 ◦C, 578–594 nm. Triethylamine/propylene glycol [12]

20 min, 100 ◦C, 575 nm. Triethylamine/acetone [8]

40 min, 100 ◦C, 540 nm. Triethylamine in diethylether/acetone [13]
20 min, 100 ◦C, 575 nm. Triethylamine/acetone [14]
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lass tubes and cooled to room temperature for 15 min. Next,
ml of chloroform and 1 ml of 3 M NaOH solution were suc-
essively added. After each step the samples were immediately
ortexed thoroughly. Samples were let to rest for 10 min and cen-
rifuged for 2 min at 1500 × g. The violet colored chloroform layer
1 ml) was removed and the associated spectra were recorded
t a drug concentration of 82 �M. The maximum absorbance
avelength for all compounds was 545 nm. Each experiment was
erformed in triplicate and a blank was subtracted from each
ample.

.3.2. Cyclophosphamide and ifosfamide (group 2)
These compounds were diluted in saline then 10% of Epstein

eagent was added and the mixture heated in a dry oven at 100 ◦C
or 60 min. Subsequently, chloroform and NaOH were added and
pectra were recorded at a drug concentration of 0.94 mM. The
aximum absorbance wavelength for both compounds was at

45 nm. Each experiment was performed in triplicate and a blank
as subtracted from each sample.

.4. Stability studies of the chromophore

The end product stability was monitored by performing: (i) a
omparison between chloroform and ethyl acetate/acetone (5:2)
ixture for chromophore extraction [6]: a 82 �M solution of
elphalan, m-sarcolysin, chlorambucil and a 0.95 mM cyclophos-

hamide and ifosfamide in saline were analyzed as described above
nd the stability of the absorbance of the organic phase was moni-
ored over a time frame of 60 min. Results were expressed as relative
bsorbance to time 0. (ii) An investigation of the difference in sta-
ility of the colored chromophore by changing the sequence of
ddition of NaOH and chloroform. The alkylating activity of 82 �M
hlorambucil and melphalan solutions was determined by adding
aOH prior to the chloroform and conversely. For practical rea-

ons, the reaction was stopped after 15 min at 100 ◦C instead of
0 min and the stability of the colored product was monitored over
0 min.

.5. Determination of molar extinction coefficient, linearity,
ensitivity

.5.1. Melphalan, m-sarcolysin and chlorambucil
Linearity studies were realized in saline, in acetate buffer (0.2 M

H 5.0)/saline (1:1) or in a serum/saline/acetate buffer 0.2 M pH 5.0
1:1:2) mixture spiked with each of the compounds. Concentrations
f each compound ranging from 0.33 to 164 �M (0.1–50 �g/ml)
ere analyzed as described above to determine the alkylating activ-

ty.

.5.2. Cyclophosphamide and ifosfamide
Concentration ranging from 10 �M to 0.94 mM for

yclophoshamide and 10 �M to 1.9 mM for ifosfamide were
nalyzed as described above.

The respective correlation and molar extinction coefficients, as
ell as detection limits, were calculated. The latter was defined

s the mean value +3S.D. that was statistically different from the
lank.

.6. Epstein reaction rate
The reaction rate was determined by monitoring absorbance
alues at 545 nm over time for a given concentration and at 100 ◦C.
164 �M solution of chlorambucil, m-sarcolysin, melphalan or a

.95 mM ifosfamide solution diluted in saline was incubated for 5,
0, 15, 30 and 60 min at 100 ◦C in the presence of 5% (v/v) Epstein

a
t
s
c
t

77 (2009) 1370–1375

eagent. The alkylating activity was determined as described above.
he reaction rate of a 0.95 mM solution of cyclophosphamide was
onitored after incubation for 5, 15, 30, 60 and 120 min at 100 ◦C
ith a 10% (v/v) Epstein solution.

.7. Hydrolysis rate of the compounds at 100 ◦C

In order to compare the stability of the compounds at 100 ◦C, a
64 �M solution of melphalan, m-sarcolysin and chlorambucil was
onitored by LC as previously described [15] before and after incu-

ation during 7 or 10 min at 100 ◦C. Each compound was analyzed
n two or three independent experiments.

The stabilities of cyclophosphamide (0.47 mM) and ifosfamide
0.95 mM) were determined by a derivatization method with DDTC
escribed by Kaijser et al. [16]. After incubation at 100 ◦C for 0, 10
r 30 min, 0.5 ml of the compound was mixed with 0.5 ml sodium
hosphate buffer pH 8.0 and 100 �l of a 0.1 g/ml diethyldithio-
arbamate (DDTC) solution (dissolved in water and filtered before
se). This mixture was heated for 30 min at 70 ◦C in a warm-bath
nd immediately cooled at 0 ◦C. Then 20 �l was injected on the
18 LC column. The LC was performed under isocratic conditions
ith a mobile phase of acetonitrile/water 32/68 (v/v) and a flow

ate of 0.750 ml/min. UV detection of the mono-derivatized and
i-derivatized product was done at 280 nm. The disappearance of
hese derivatives was evaluated to estimate the rate of hydrolysis.
ach compound was analyzed in two or three independent exper-
ments.

. Results

.1. Chloroform extraction

In their reported method, Friedman et al. used an ethyl
cetate/acetone (5:2) extraction. They also claimed that the
bsorbance readings should be performed within 2–5 min in
he absence of light in order to obtain reproducible results
6]. At variance, in our modified method, using chloroform
nstead of acetate/acetone extraction resulted in a relatively stable
bsorbance between 15 and 60 min except for melphalan (Fig. 1).

The yield of the extracted chromophore was significantly higher
hen the extraction step was performed by first adding chloro-

orm and then NaOH, rather than extracting the basified solution. In
ther words, the reaction product(s) were highly unstable in alka-
ine media and needed to be as quickly as possible extracted into the
rganic phase. This was clearly observed for chlorambucil and to a
ower extent for melphalan (Fig. 2). The spectrum of the colored
hloroform phase was recorded for a wavelength range between
00 and 900 nm. All compounds showed a maximum absorbance
t 545 nm (Fig. 3).

.2. Determination of linearity, precision and accuracy in saline,
H 5 acetate buffer and diluted serum

Standard curves were calculated by linear regression from serial
ilution of a standard stock solution and performed in triplicates.
able 2 gives a summary of the coefficient of correlation (r2),
etection limit (DL) and the molar extinction coefficient (ε) for
ach studied compound. There was a linear relationship between
he concentration of the parent compound and the measured

bsorbance of the chromophore(s) in the organic layer. A detec-
ion limit of 33 �M was achieved for group 1 compounds and was
lightly lower in the presence of buffer. The molar extinction coeffi-
ients were different for all compounds, with chlorambucil showing
he highest and m-sarcolysin the lowest. Group 2 compounds
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Fig. 1. Stability of the chloroform extracted chromophore of 82 �M of (a) chlo-
rambucil, (b) melphalan, (c) m-sarcolysin and 0.95 mM of (d) ifosfamide and (e)
cyclophosphamide. Results are expressed as relative absorbance to time zero.

Fig. 2. Difference in colored product yield between first adding chloroform and then
NaOH or conversely with 82 �M chlorambucil or melphalan (15 min reaction).

Fig. 3. Compared spectra of (a) chlorambucil, (b) cyclophoshamide, (c) ifosfamide,
(d) melphalan and (e) m-sarcolysin chromophores in chloroform.

Table 2
Linear regression correlation coefficient (r2), detection limit (DL) and molar
extinction coefficient (ε) with ‘relative standard deviation’ (R.S.D.) of melphalan,
m-sarcolysin and chlorambucil in saline, pH 5.0 buffer (0.2 M acetate) and acidified
(acetate) serum 3:1 and of cyclophosphamide and ifosfamide in saline.

r2 DL (�M) ε R.S.D.

Melphalan
Saline 0.99 33 6,002 9.6
Buffer pH 5.0 0.99 3 4,903 1.6
Acidified serum 3:1 0.98 33 3,776 7.6

m-Sarcolysin
Saline 0.99 33 3,333 8.6
Buffer pH 5.0 0.99 3 3,755 6.6
Acidified Serum 3:1 0.99 33 879 18.6

Chlorambucil
Saline 0.97 3 17,454 4.6
Buffer pH 5.0 0.99 0.3 9,129 6.3
Acidified Serum 3:1 0.98 33 5,327 2.3

Cyclophosphamide

I

h
g

3
m

m
w
m
c
m
f
a
b
o
r
s

3
m

c
1
t

F
i
5
r

Saline 0.99 47 674 4.8

fosfamide
Saline 0.99 38 664 5.5

ad a much lower molar extinction coefficients than those of
roup 1.

.3. Determination of the reaction rate with melphalan,
-sarcolysin, chlorambucil and ifosfamide

In accordance with the reactivity observed for chlorambucil,
elphalan and m-sarcolysin, the reaction rate for chlorambucil
as the highest followed by melphalan and m-sarcolysin. When
onitoring the reaction at 100 ◦C for a 164 �M solution of each

ompound (n = 3) using a 5% (v/v) Epstein solution, the reaction
aximum was reached after 30 min at 100 ◦C. As expected, ifos-

amide showed to by far less reactive towards the Epstein reagent
nd after 120 min the maximum was not yet reached. Even by dou-
ling the Epstein concentration, when monitoring the reaction rate
f ifosfamide (data not shown) and cyclophosphamide (Fig. 4), the
eaction did not reach a maximum although the absorbance mea-
ured was doubled.

.4. Hydrolysis of melphalan, m-sarcolysin and chlorambucil
onitored at 100 ◦C by LC
Table 3 summarizes the percentage of loss, for the different
ompounds, by hydrolysis after 7, 10 or 30 min of incubation at
00 ◦C. The data confirmed that group 1 was much more sensitive
o hydrolysis than group 2.

ig. 4. Alkylating activity of melphalan, m-sarcolysin, chlorambucil (164 �M) and
fosfamide (0.94 mM) measured after different times of incubation at 100 ◦C with
% Epstein reagent and of cyclophosphamide (0.95 mM) incubated with 10% Epstein
eagent.
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Table 3
Hydrolysis rate of 164 �M melphalan, m-sarcolysin, chlorambucil, 0.47 mM
cyclophosphamide and 0.94 mM ifosfamide at 100 ◦C (expressed as mean per-
cent ± S.D.).

Compound 7 min 10 min 30 min

Melphalan 64 ± 20 83± 5 –
m-Sarcolysin 50 ± 14 90± 3 –
C
C
I

4

t
u
a
g
m

m
F
h
o
t
i
c
r
n
l
f
a
o

hlorambucil 72 ± 10 97.2 ± 0.4 –
yclophosphamide – 0 43 ± 2

fosfamide – 0 2.4 ± 0.6

. Discussion

In the present study, we observed important differences in reac-

ivity of alkylating agents towards the NBP reagent that prompted
s to optimize the experimental conditions and led us to propose
complement to the known reaction mechanism. We investi-

ated known alkylating agents namely melphalan and its isomer
-sarcolysin, chlorambucil, cyclophosphamide and ifosfamide.

b
c

a
t

Fig. 5. Proposed mechanism for NBP method. At basic pH, two chrom
77 (2009) 1370–1375

The first examined parameter was the stability of the chro-
ophore. Although the modified NBP-method described by

riedman and Boger [6] proved to be a very useful technique with
igh selectivity and low background, the high instability of the col-
red product required to sequentially measure the absorbance of
he samples every 2–5 min in the absence of light. Our first mod-
fication was the replacement of ethyl acetate by chloroform and
hanging the sequence of base addition at the extraction step. This
esulted in a stable color over at least 60 min and pointed out the
eed to minimize the residence time of the reaction product in alka-

ine media due to chromophore instability. This was demonstrated
or, e.g. chlorambucil which gave a 22% gain in color intensity and
reasonable 60 min stability. The use of chloroform extraction had
ther benefits: it resulted in very low blanks and precise results,

ecause here, a constant volume for extraction was maintained in
ontrast to volume reduction due to evaporation at 100 ◦C [4].

The different compounds gave reaction product(s) with similar
bsorbance maxima at 545 nm but with different molar extinc-
ion coefficients. Unlike the reference method, where each reacted

ophores (IV and V) are formed from the three products (I–III).
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ompound had a different maximal wavelength, the proposed chlo-
oform extraction most probably yielded the same chromophore(s)
uggesting a better exclusion of interfering products.

On the other hand, we observed that even structurally sim-
lar compounds such as melphalan and its positional isomer

-sarcolysin used at the same molarities had different chro-
ophore yields, clearly suggesting a difference in reactivity with
BP reagent. For all the studied compounds, we found different
inetics that can be divided into two groups: (group 1) melphalan,
-sarcolysin and chlorambucil and (group 2) cyclophosphamide

nd ifosfamide, with reaching the maximum yield at 30 and beyond
0 min, respectively. These data suggested a parallelism of behavior
etween hydrolysis and alkylating activity of the studied molecules.
his prompted us to further investigate the hydrolysis of all com-
ounds also bearing in mind that the high sensitivity to hydrolysis
f the chlorine groups of such compounds, especially at high tem-
eratures, is very well known [2]. Hydrolysis should normally
eflect the relative reactivity of the compounds with NBP. In the
bsence of the latter, more than 80% of each of melphalan, m-
arcolysin and chlorambucil was hydrolyzed after 10 min at 100 ◦C
hile 43% of cyclophosphamide and only 3% of ifosfamide were

ydrolyzed at 60 min.
By comparing the hydrolysis and chromophore formation kinet-

cs, three clear conclusions can be drawn: (i) the alkylating potential
f each compound towards NBP seems directly related to its hydrol-
sis rate; (ii) there must be a preferential competition between
he two reactions favoring NBP-bound product formation; (iii) the
asic pH accelerates the hydrolysis of the chromophore at least
or the most reactive members of group 1. Therefore, we tenta-
ively propose a more detailed mechanism for the overall process
Fig. 5) where a mixture of mono- or di-substituted drug can be
enerated. The formation of the latter was probably favored by the
ustained heating. Hydrolysis of the reaction products, at least for
roup 1, could also occur under prolonged heating. At basic pH,
wo chromophores (IV and V) were formed from the three prod-
cts (I–III) of group 1 since the monochlorinated product (I) was
apidly hydrolyzed. Hydrolysis of the formed chromophores could
lso take place that can explain the gradual disappearance of the
olor and their relative better stability in a non-aqueous medium.
he organic phase extraction efficiency may be related to differ-
nces water solubility of the reaction products also depending on
he structure of the parent drug.

With respect to the reactivity towards NBP reagent, it might be
ostulated that the lateral chain R of the nitrogen linked to the
ischloroethyl group exerted a marked influence. The possible delo-

alization of the nitrogen lone electron pair into the benzyl ring
f the drug compound made the nitrogen more positively charged
esulting in a facilitated release of the chloride ions and higher reac-
ivity towards the NBP reagent. Such a delocalization of the nitrogen
lectrons was not inferred for group 2 and the delocalization was

[

[

[
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asier for melphalan than for the isomer m-sarcolysin likely due to
he para-position of the alanine substituent.

In conclusion, our results support a multiparameter process
hat are critical for the yield and the nature of the produced
hromophores: (i) the stability/hydrolysis of the chlorine atoms
nfluenced by the charge conferred by the remaining of the

olecule at a given pH; (ii) the heating duration, first favoring a
ono-substituted, then a bi-substituted product followed by its

ydrolysis; (iii) the stability of the chromophore formed at basic pH
hat can be substantially improved by chloroform extraction. The
resent work, in addition to improved analytical aspects, empha-
izes on the distinct behavior of several alkylating compound in
he Epstein reaction and proposes a more detailed reaction scheme
han shown in the literature.

With some limitations, such as avoiding the use of ecotoxic
hloroform and replace it, e.g. by dichloromethane, this modified
BP assay can be a useful and easy method to estimate the overall
lkylating activity of bischloroethyl containing anticancer drugs in
queous media and sera.
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a b s t r a c t

A capillary electrophoretic method for the separation of the aminoglutethimide (AGT) enantiomers using
methylated-�-cyclodextrin (M-�-CD) as chiral selector is described. Several parameters affecting the sep-
aration were studied, including the type and concentration of chiral selector, buffer pH, voltage and
temperature. Good chiral separation of the racemic mixture was achieved in less than 9 min with res-
olution factor Rs = 2.1, using a fused-silica capillary and a background electrolyte (BGE) of tris–phosphate
buffer solution (50 mmol L−1, pH 3.0) containing 30 mg mL−1 of M-�-CD. The separation was carried out
in normal polarity mode at 25 ◦C, 16 kV and using hydrostatic injection. Acceptable validation criteria
for selectivity, linearity, precision, and accuracy/recovery were included. The proposed method was suc-
Aminoglutethimide

Chiral analysis
Capillary electrophoresis
C

cessfully applied to the assay of AGT enantiomers in pharmaceutical formulations. The computational
calculations for the inclusion complexes of the R- and S-AGT–M-�-CD rationalized the reasons for the
different migration times between the AGT enantiomers.
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. Introduction

Aminoglutethimide (±AGT) ± -3-(4-aminophenyl)-3-ethyl-2,6-
iperidinedione (Fig. 1) is used clinically for the treatment of
ormone-dependent metastatic breast cancer [1]. This drug is
arketed as a racemic mixture and it was reported that the (+)-

-isomer had the most steroidogenesis inhibitory activity (two or
hree times more potent than the racemate), while the (−)S-isomer
ad very little activity at dose levels tenfold higher [1].

High performance liquid chromatography (HPLC) methods for
he direct chiral separation of AGT enantiomers in biological fluid
nd in bulk were reported [2–5], however these methods are

ime-consuming and expensive. Cesur et al. [1] have developed
n indirect LC method for the determination of AGT enantiomers
n tablets formulations. However the method is time consuming
s it requires a derivatization step and the retention time is over
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0 min. Recently Ali et al. [6] separate piperidine-2,6-dione ana-
ogues on Chiralpak IA and Chiralpak IB columns by using HPLC.
nantioseparation of aminoglutethimide by high-speed counter-
urrent chromatography using carboxymethyl-�-cyclodextrin as
hiral selector was reported by Ai et al. [7].

The last two decades have witnessed the emergence of capil-
ary electrophoresis (CE) as a powerful analytical technique for the
eparation of chiral compounds. This has largely been attributed to
ts remarkable efficiency, low consumption of sample and reagent
nd versatility. In CE, chiral separation is simply achieved by adding
o the background electrolyte (BGE) appropriate chiral selectors,

ainly cyclodextrin (CD) and their derivatives [8,9]. A survey
hrough the literature revealed scattered reports on the chiral sepa-
ation of AGT using different CE modes with various chiral selectors
10–20]. Abushoffa et al. [20] employed native cyclodextrins in sin-
le and dual systems to determine the affinity constants for AGT
nantiomers. However, a full validated CE method and applica-

ions for the determination of AGT enantiomers in pharmaceutical
ormulations have not been reported.

Thus, the aim of this study is to develop a CE method for the
eparation of the enantiomers of AGT using derivatives CD as a
hiral selector for the separation of the enantiomers of AGT. The
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Fig. 1. Chemical structure of AGT, the asterisk indicates the chiral center.

roposed procedure was applied for the determination of AGT
nantiomers in commercial tablets. Furthermore, molecular mod-
ling techniques, using semi-empirical calculations, were used to
nderstand the mechanism of the chiral separation by methylated-
-cyclodextrin (M-�-CD). This was performed by the analysis of

he inclusion complexes of the two enantiomers with cyclodextrin
sing the well-known Parametric Model (PM3).

. Experimental

.1. Chemicals and reagents

Aminoglutethimide (AGT), (±)-3-(4-aminophenyl)-3-ethyl-2,6-
iperidinedione and tris(hydroxymethyl)aminomethane were pur-
hased from Sigma–Aldrich (St. Louis, USA). 2-Hydroxypropyl-�-
yclodextrin (HP-�-CD), hydroxypropyl-�-cyclodextrin (HP-�-CD),
-hydroxypropyl-�-cyclodextrin (HP-�-CD) and, M-�-CD were
btained from Fluka (Buchs, Switzerland). Commercial pharmaceu-
ical preparation in the form of tablet (claimed to contain 250 mg
ctive ingredient) was purchased from a local drug-store. Milli-Q
ater was used thought the studies.

.2. Instrumentation and electrophoretic conditions

The analysis was carried out on a Waters Capillary Ion Ana-
yzer (Milford, MA, USA) which was interfaced to a Waters PC 800

orkstation. Uncoated fused-silica capillary (total length, 35 cm
nd internal diameter, 50 �m) was used for the enantiomeric sepa-
ation. The separation were carried out at 25 ◦C and using a voltage
f 12 kV. Samples were injected hydrostatically for 25 s. Detection
as achieved at 254 nm.

New uncoated fused-silica capillary was conditioned by flushing
ith 1 mol L−1 NaOH for 30 min, then 0.1 mol L−1 NaOH for 10 min

nd water and buffer each for 15 min. The running buffer consisted
f 50 mmol L−1 H3PO4 that had been adjusted to the desired pH
ith 1 mol L−1 Tris solution. The BGE was passed through 0.2 �m

ellulose nitrate membrane filter (Whatman International, Maid-
tone, England) and was degassed by sonication prior to use.

Prior to each analysis, the capillary column was rinsed with
.1 mol L−1 NaOH for 1 min, and then purified water, followed by
he BGE, each for 2 min between the runs.

.3. Stock and standard solutions

Standard stock solution (1000 �g mL−1) of racemic AGT was
repared in water and was kept refrigerated. Working standard
olutions were prepared daily by diluting suitable aliquots of the
tock solution with water. The standard solutions were stored in
rown glass vial to protect from light.

.4. Pharmaceutical sample preparation
Five tablets were weighed, ground and mixed in a mortar. Appro-
riate amount of the powder equivalent to 50 mg of racemic AGT
as taken and dissolved in 25 mL of water by ultrasonic for 3 min

nd diluted to 100 mL with water. The sample was filtered through

f
c
m
m
t
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membrane (0.22 �m) and 1 mL of the filtrate was diluted with
ater to 10 mL. This solution was introduced to the CE system for

he separation.

.5. Computational methodology

The initial geometry of AGT is optimized using the PM3 (Para-
etric Model) level of theory. The M-�-CD structure was built on

he molecular structure of the parent �-CD molecular structure
hat is generated on the basis of the crystallographic parameters
rovided by the Structural Data Base System of the Cambridge
rystallographic Data center [21,22]. The inclusion complexes were
onstructed from the separately optimized M-�-CD and the enan-
iomers of AGT. The starting geometries were constructed using CS
hem 3D Ultra (Version 8.0, Cambridgesoft.com) and were fully
ptimized with the parametric method PM3. The coordinate sys-
em used to define the process of complexation is based on placing
he glycosidic oxygen atoms of the M-�-CD onto the XY plane with
heir center defined as the center of the coordination system. Two
ifferent inclusion orientations were considered. In the first ori-
ntation (model A) the substituted phenyl group was docked into
he narrower rim of the cyclodextrin with the bond connecting the
wo rings coincident with the Z-axis. While in the second orien-
ation (model B) the substituted phenyl ring was docked into the
ider rim of the cyclodextrin. Multiple starting positions were gen-

rated for both enantiomers by moving the connecting bond along
he Z-axis. The relative position of the host and the guest are mea-
ured by the position of the carbon atom on the phenyl ring that
s connected to the piperidinedione ring. The inclusion complexes

ere emulated by moving the guest molecule from 10 to −10 Å,
t 1 Å intervals, and by rotating the guest from 0◦ to 360◦ at 20◦

ntervals in the two orientations. The complexation energy �Ecomp

s calculated for the minimum energy structures by the following
quation:

Ecomp = Ecomp − EAMG − EM-�-CD (1)

here Ecomp, EAMG, and EM-�-CD represents the total energy of
he complex, the free guest molecule and the free host molecule,
espectively. The magnitude of the energy change would be an
ndication of the driving force towards complexation. The more
egative the complexation energy change is the more thermody-
amically favorable is the inclusion complex.

. Results and discussion

.1. Optimization of separation conditions

AGT enantiomers had been successfully separated by CE [14,20]
sing native CD in single and dual systems; �-CD provided the high-
st selectivity [20]. In this paper, AGT enantiomers were separated
sing derivatized CDs, namely HP-�-CD, HP-�-CD, HP-�-CD and
-�-CD in order to find cheap suitable chiral selector that can be

sed for routine work. Tris–phosphate buffer (pH 3.0) was used for
reliminary studies. All the CDs used were able to separate AGT
nantiomers; however M-�-CD provided the highest selectivity
nd was thus used for further studies.

pH is an important parameter to be optimized as it affects the
onization of the silanol group of the capillary wall, which in turn
ffects the magnitude of the electroosmotic flow (EOF). A success-

ul enantioseparation of basic drugs is possible using acidic buffer
onditions [23]. At lower pH, cationic drugs and their complexes
igrate towards the cathode and the free CDs are uncharged and
ove with EOF, which is very low and directed to the anode [24]. In

his study, the effect of pH on the resolution over the range 2.0–3.5,
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Table 1
Optimum CE operating conditions.

Background electrolyte 50 mmol L−1 Tris-phosphate buffer; pH 3.0;
M-�-CD, 30 mg mL−1

Applied voltage 16 KV
Sample injection Hydrostatic, 10 s
Capillary Temperature 25 ◦C
Fused-silica capillary 35 cm total length (27.5 cm effective

length) × 50 �m, i.d.
Detection wavelength 254 nm
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ig. 2. Effect of pH on resolution of AGT enantiomer (buffer concentration, 50 mM;
-�-CD concentration, 30 mg mL−1; temperature, 25 ◦C; and applied voltage, 16 kV).

sing 50 mmol L−1 buffer solution prepared at different pH contain-
ng 20 mg mL−1 M-�-CD were investigated. The results are shown
n Fig. 2.

CD concentration is an essential parameter to be optimized in
hiral separations. The effects of different concentration of M-�-
D (10–40 mg mL−1) on the resolution and migration times were

nvestigated. Chiral separation was achieved for all concentrations
Fig. 3) tested. Increasing the concentration of M-�-CD causes the
esolution and migration time to increase (data not shown). This is
robably due to the favorable complexation with the chiral selec-
or under these conditions. M-�-CD 30 mg mL−1 was chosen as a
ompromise between resolution and speed of analysis.

The effect of applied voltage was also investigated, as it is known
hat increasing the voltage gives rise to shorter migration times
25]. However generation of Joule heat may limit the theoretical
ain in the resolution and efficiency when the voltage is increased.
n this study, voltages over the range 14–20 kV were investigated.
esolution with good peak shape and reasonable migration time
as found when operated at 16 kV.

The influence of temperature (19–28 ◦C) on the peak efficiency
as also studied. Best peaks were obtained when separated at 25 ◦C.

The selected electrophoretic conditions are summarized in
able 1. Fig. 4 shows the electropherogram corresponding to a stan-
ard solution of 50 �g mL−1 of AGT under the selected conditions.
rom this electropherogram, it can be ascertained that the selected

lectrophoretic procedure provides a good separation of AGT enan-
iomers (Rs = 2.13).

ig. 3. Effect of M-�-CD concentration on the resolution of AGT enantiomer (buffer
oncentration 50 mM; temperature 25 ◦C, and applied voltage, 16 kV).
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ig. 4. Electropherogram obtained from the injection of standard racemic AGT,
lease refer to Table 1 for CE conditions.

.2. Validation of the analytical methods

.2.1. Selectivity
No interference from the formulation excipients could be

bserved at the migration times of the enantiomers. The S-
nantiomer migrated first and this was confirmed by spiking the
-enantiomer standards.

.2.2. Precision
Intraday precision was assessed by injecting racemic AGT stan-

ards at three different concentrations (10, 40, and 60 �g mL−1)
ix times. In all cases, the relative standard deviation (R.S.D.) for
igration times and corrected peak area were less than 4.67 and

.67%, respectively (Table 3). The interday precision was assessed
y introducing three concentrations of the standard (10, 40, and
0 �g mL−1) six times for 3 consecutive days. In all cases, good
recision as evidenced from R.S.D. for migration time and cor-
ected peak area of less than 4.52 and 3.75%, respectively was found
Table 2).
.2.3. Accuracy
The accuracy of the method was evaluated by conducting recov-

ry studies on placebos. Several a liquots of the racemic AGT at
hree different concentrations (20, 40, and 60 �g mL−1) were added

able 2
ithin days and interday reproducibility for the repeated injection of different

oncentration of racemic AGT standard.

actor conc. (�g/mL) R.S.D. (%)

Migration time Corrected peak areas

S-AGT R-AGT S-AGT R-AGT

ntraday precision (n = 6)
10 3.97 4.67 3.05 3.67
40 2.48 2.57 1.06 3.28
60 1.00 1.1 2.59 1.53

nterday precision (n = 18)
10 4.17 4.52 3.8 3.3
40 3.146 3.50 2.2 1.9
60 3.67 4.20 3.75 3.6
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Table 3
Recoveries obtained from the determination of AGT in placebos that contained dif-
ferent levels of spiked standards.

Sample Racemic AGT (�g/mL) Recovery (%) (mean ± S.D.)

S-AGT R-AGT

1 20 100.64 ± 0.65 99.28 ± 2.5
2 40 99.51 ± 4.8 100.33 ± 1.21
3 60 99.92 ± 2.0 100.89 ± 4.33
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Fig. 6. Structure of R-AGT/M-�CD complexes with the minimum energy obtained
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ig. 5. Electropherogram obtained from the injection of tablet containing racemic
GT.

o an analytical placebo prepared from the excipients. The results
re summarized in Table 3. Recoveries between 99.28 and 100.89%
ere obtained.

.2.4. Linearity
The calibration curve was constructed by plotting the corrected

eak area (y) as a function of analyte concentration (x) in �g mL−1.
ix standard solutions containing 10–100 �g mL−1 racemic AGT
ere injected. The linear regression equations obtained are sum-
arized below:

-AGT : y = (67.2 ± 1.1) x + (1396 ± 20.72), r2 = 0.9987

-AGT : y = (70.1 ± 1.67) x + (1296 ± 72.17), r2 = 0.9996

.2.5. Limit of detection (LOD) and quantitation (LOQ)
The LOD of S-AGT and R-AGT enantiomers were 2.20 and

.13 �g mL−1 for both enantiomers. This was obtained by multiply-
ng the standard deviation of AGT known concentration by 3. The
OQ, estimated by multiplying the standard deviation of AGT of
nown concentration by 10, were 4.25 and 4.15 �g mL−1 for S-AGT
nd R-AGT, respectively.

.3. Analysis of pharmaceutical formulations
The validated method was applied for the determination of AGT
nantiomers in commercial pharmaceutical preparation. Results of
he determinations are shown in Table 4. In all cases, good agree-

ent between the total values as claimed by the manufacturer
nd the proposed CE method were obtained. Fig. 5 shows typical
lectropherogram of the pharmaceutical formulation.

s
f
s
b

f

able 4
nalysis results for the pharmaceutical formulations containing racemic AGT.

ample no. Manufacturer’s
claim (mg)

S-AGT ± S.D.

250 127.55 ± 2.89
250 121.94 ± 2.40
250 124.06 ± 2.64
250 128.02 ± 2.52
rom PM3 calculations. Complexation of R-AGT through entering of the substituted
henyl group via (a) the narrow rim of M-�CD (model A) and (b) the wider rim
model B).

.4. Molecular modeling

The addition of cyclodextrins resulted in the separation of AGT
nantiomers, with M-�-CD giving the best separation. This could
e mainly due to the stronger complexation of AGT by M-�-CD.
o investigate further the mechanism of separation we utilized the
ethods of theoretical semi-empirical calculation using PM3 level

f theory. The main theoretical results obtained for the optimized
eometries are shown in Table 5. The large negative binding ener-
ies upon complexation clearly indicate that the M-�-CD can form
table complexes with both S- and R-AGT. For the R-isomer it is
lear from Table 5 that the complexation process is favorable for
oth models. The complexation energy favors, by 14.6 kJ mol−1, the
ormation of the complex by entering of the substituted phenyl
roup via the wider rim of the cyclodextrin (model B) to the inclu-
ion of the complex via the narrower rim. The optimized geometries
or both models A and B of the inclusion complexes for R-AGT are

hown in Fig. 6. It is obvious from Fig. 6 that the guest molecule in
oth models is well included in the cavity through both sides.

On the other hand complexation for the S-AGT is also favorable
or both orientations. It can be seen from Fig. 7 that S-AGT pene-

R-AGT ± S.D. Total active ingredient
(mg) ± S.D.

122.87 ± 1.59 250.42 ± 4.48
125.31 ± 1.89 247.25 ± 4.39
126.49 ± 1.25 250.55 ± 3.90
125.92 ± 1.57 253.22 ± 4.12
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Table 5
PM3 calculated parameters of M-�-CD, AGT and their complexes.

R-AGT S-AGT M-�-CD Model A Model B

R-AGT/M-�-CD S-AGT/M-�-CD R-AGT/M-�-CD S-AGT/M-�-CD

E −5595
� −130
H 8
D 13
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(kJ/mol) 350.64 348.96 −5815.24
E (kJ/mol)
OMO-LUMO gap (eV) 7.88 8.10 12.21
ipole moment (Debye) 19.48 20.2 1.73

rates well into the cavity of the cyclodextrin in both structures. The
M3 calculations, however, show that the inclusion of the substi-
uted phenyl group through the wider rim (model B) is energetically

ore favorable by 37.39 kJ mol−1. Interestingly, it can also be seen
rom Table 5 that the S-AGT inclusion complex is significantly more
avorable than that of the R-AGT complex by an energy difference of
2.8 kJ mol−1 for model B. This indicates that S-AGT fits more tightly

nto the M-�-CD based on the PM3 theoretical calculations. We also
bserved from Fig. 6 that R-AGT tilt towards the Z-axis in model B
hen it enters the cyclodextrin cavity, probably to enhance the sta-

ility of the formed complex. This phenomenon was not observed
or the inclusion of S-AGT in the cyclodextrin.

It has been reported that host–guest C–H· · ·O interactions
esulting from fitting small molecules in cyclodextrin cavities
lay an important role in the binding energies of a number of
yclodextrin inclusion complexes [21,22]. It is also reported that
he C–H· · ·O hydrogen bond energies were around 2–8 kJ mol−1 and
hese energies are smaller than hydrogen bonding energies but are

ppreciably higher than van der Waals interactions [26,27]. Inves-
igation of C–H· · ·O interactions for the two inclusion complexes
evealed the presence of a number of short host–guest C–H· · ·O (dis-
ance < 3 Å) interactions. The S-isomer was found to possess more

ig. 7. Structure of S-AGT/M-�CD complexes with the minimum energy obtained
rom PM3 calculations. Complexation of R-AGT through entering of the substituted
henyl group via (a) the narrow rim of M-�CD (model A) and (b) the wider rim
model B).
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.51 −5597.27 −5610.11 −5643.53

.91 −131.00 −145.5 −168.3

.41 8.36 8.27 8.46

.0 16.7 12.25 10.63

f these short range bonds than the R-isomer. These interaction are
eak but are considered as an additional force beside van der Waals

orces and hydrogen bonding adding extra stability of the inclusion
omplexes.

It has been argued that the main contributor to the enantios-
lectivity is the Columbic forces, whereas van der Waals forces,
he major contributor to the binding energy, govern the orien-
ation of molecules [28]. The electrostatic factor, especially the
–H· · ·O interactions determine the most stable inclusion complex
etween the chiral molecules and the cyclodextrin. Therefore, the
nantiomeric separation using cyclodextrin is probably achieved
ia preferential electrostatic interaction of the host molecule with
ach of the enantiomers. The results obtained by the theoretical
alculations seem to contradict the experimental results where the
-isomer is eluted first. This could be due to the fact that these
alculations were performed in the gas phase and the effect of the
olvent is not considered. Similar results were reported recently for
he chiral separation of (+)-catechin and (−)-epicatechin [29]. It can
e concluded from these calculations that the stability of the inclu-
ion complexes between the enantiomers and the cyclodextrin are
ifferent leading to different migration times.

. Conclusion

An easy, cost effective and rapid CE method with a simple
ackground electrolyte and normal polarity mode have been devel-
ped and proposed for the enantioselective separation of AGT
nantiomer. The use of M-�-CD as single chiral selector for the
eparation of S and R enantiomers offer significant advantages
ver previous work that uses dual chiral selector [20] and further-
ore is cheaper than the use of gamma CD [14,20]. The proposed
ethod is therefore recommended to be adopted as quality con-

rol in pharmaceutical industries. Furthermore, the computational
alculations for the inclusion complexes for AGT enantiomers and
-�-CD were performed. The results of these calculations showed

he difference in the stability of these complexes which lead to
ifferent migration times of the AGT enantiomers.
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a b s t r a c t

A novel titania sol–gel coating, including tetrabutyl orthototitanat (TBOT) as initial alkoxide, tri-
ethanolamine (TEA) as stabilizer, nitric acid as acid catalyst, and polyethylene glycol (PEG, 6000) as binder
was prepared for the first time on an anodized aluminium wire and subsequently applied to headspace
solid phase microextraction (HS-SPME) of benzene, toluene, ethylbenzene and xylenes (BTEX) with gas
eywords:
itania sol–gel
olid phase microextraction
nodized aluminum
TEX

chromatography flame ionization detection (GC-FID). The analytical characteristics of the proposed porous
titania sol–gel derived TBOT/PEG/TEA (41.6:16.0:42.4) fiber were comparable with reported fibers. The
extraction temperature, extraction time, effect of salt addition, desorption temperature and desorption
time were optimized. Under the optimized conditions and for all BTEX components, the linearity was from
20 to 800 �g L−1, the RSD was below 8.2% and limit of detections (LODs) were between 5.4 and 14.8 �g L−1.
The recovery values were from 86.7% to 94.2% in water samples. The proposed HS-SPME-GC-FID method
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was successfully applied f

. Introduction

The volatile aromatic compounds such as benzene, toluene,
thylbenzene and xylenes (BTEX) are fuel components commonly
ound in ground water contamination. The determination of BTEX
n aqueous is usually accomplished by chromatographic techniques
nd involves preliminary steps like sampling, extraction and pre-
oncentration [1–3]. Development and/or modifying of sample
reparation techniques usually leads to more reproducible results,
ecreases the use of organic solvents, provides cleaner extracts for

nstrumental measurement and does everything more quickly and
t less cost.

Solid phase microextraction (SPME) is based on the partition-
ng of analytes between the stationary phase on a fused silica fiber
nd/or on the inner surface of a capillary and the sample matrix
4]. Therefore, the key part of the SPME technique is the fiber coat-

ng and it is clear that future advancements in SPME technology

ould greatly depend on new developments in the areas of sorbent
hemistry and coating technology.
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analysis of BTEX compounds from petrochemical wastewater samples.
© 2008 Elsevier B.V. All rights reserved.

Besides the commercially available SPME fiber, some new
ypes of fibers such as non-polar silica particles bonded with
8, C18 [5], polydimethylsiloxane (PDMS) [6], polyacrylate (PA)
7], carbowax:template resin [8], nafion perfluorinated resin [9],
olyimide[10], polypyrrole [11], molecularly imprinted polymer
MIP) [12], poly(3-methylthiophene) [13], activated charcoal [14],
lter paper [15], inorganic carbopack [16], gold [17], anodized alu-
inum wire [18], pencil lead [19], alkyldiol-silica [20] and polyvinyl

hloride (PVC) [21,22] have also been developed by several research
roups. However, in the most of these fibers the lack of proper
hemical boding between the coated compound and fiber surface
ay be responsible for the low thermal, chemical stability and short

ifetime. Sol–gel coating technology has solved these problems
23–26] and has been used for the preparation of some SPME fibers
ith high thermal stability in development of methodology for

olatile and semi-volatile organic compounds analysis [27–30]. The
ol–gel process usually involves catalytic hydrolysis of the alkoxide
recursors and polycondensation of the hydrolyzed products and
ther sol–gel active components present in the sol solution to form
macromolecular network structure of sol–gel materials [31,32].

n the other hand, due to the fragility of fused silica, commonly
sed as the support for polymeric coating in SPME, the use of a
etal support offers a promising alternative to silica rods beside

ol–gel coating technology. To the best of our knowledge, the only
eport about the preparation of the microporous titania-coated alu-
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scanning electron microscopy (SEM). As can be seen from the
graph, the sol–gel coating possesses a porous structure. A high sur-
286 K. Farhadi et al. / Tala

ina using sol–gel technique has been described by Kermanpur
t al. without analytical applications [33]. They utilized tetraethy-
orthotitanate (TEOT) as an initial alkoxide, diethanolamine (DEA)
s a stabilizer and, polyvinyle alcohol (PVA) as a binder for the
roduction of titania sol.

We have recently introduced PVC based SPME fibers for analysis
f ethanol, methanol and acetone in human body fluids [22,34] and
titania sol–gel based SPME fiber for aromatic hydrocarbon anal-
sis [3]. In this work, a novel titania sol–gel including tetrabutyl
rthototitanat (TBOT), triethanolamine (TEA), and polyethylene
lycol (PEG, 6000) was prepared for the first time and was used as
suitable coating on the anodized aluminum wires. The proposed

ol–gel fiber was then applied to headspace solid phase microex-
raction (HS-SPME) of BTEX from water samples.

. Experimental

.1. Apparatus

Agilent 6890N gas chromatograph equipped with a FID detector,
plit/splitless injector and Chemstation software was used for this
tudy. A Rtx-5 capillary column (60 m × 0.25 mm i.d., film thickness
.1 �m) was utilized. A laboratory made SPME device was used in
ll experiments. A Leo 440i scanning electron microscope (Leo Elec-
ron Microscopy, Cambridg, England) was used for the investigation
f the fiber surface.

.2. Reagents

Benzene, toluene, ethylbenzene, xylene isomers, TBOT, and
ther chemicals were all from E. Merck (Darmstadt, Germany).
olyethylene glycol was purchased from Scharlau. Nitrogen and
ydrogen 99.999% purity was from Roham Gas Co. (Middle East
ubai, United Arab Emirates). Aluminum wires were prepared from
MMC industrial group (Foshan City, Guangdong Province, China)
nd were anodized by direct current in a solution of sulfuric acid
2 mol L−1) at room temperature [18]. The anodized wires were
onditioned at 500 ◦C for 1 h.

.3. Fiber preparation

To obtain a stable and homogeneous sol solution, different
outes were carried out. The optimized route was found as follows:
mL of TBOT as initial alkoxide was dissolved in 5 mL of isopropanol
s solvent. This solution was slowly added to a solution containing
ixture of 5 mL of isopropanol and 4.3 mL deionized water under

igorous stirring in a Teflon beaker for 10 min. To this mixture, 1 mL
f TEA as stabilizer and 0.4 g of PEG as binder were added and the pH
f mixture was adjusted at 2 using sufficient amount of 1 mol L−1

itric acid. In the resulting solution the molar ratios of the deion-
zed water/alkoxide, nitric acid/alkoxide, and TEA/alkoxide were
djusted 50.2, 2.3 and 1.6, respectively. The mixture was stirred at
000 rpm for about 2 h to obtain a viscose suspension at 22 ± 1 ◦C.

A 1 cm length of anodized aluminum wire (total length 2 cm)
as washed with acetone and placed in a laboratory-made SPME
evice and then it was dipped vertically into the sol–gel solution
or 10 min. For each fiber, this coating process was repeated several
imes until the desired thickness of the coating (about 25 �m) was
btained. The proposed SPME fiber was then conditioned at 180 ◦C
or 8 h to remove any fiber contaminations.
.4. GC operating conditions

The initial column temperature was maintained at 40 ◦C for
min and then raised at 5 ◦C min−1 to 70 ◦C and held for 5 min.

f
a
b
fi
i

(2009) 1285–1289

itrogen was used as carrier and makeup gas, which their flow
ates are 1.0 and 45 mL min−1, respectively. The injector and detec-
or temperature was held at 180 and 250 ◦C, respectively. Injections
f analytes were made in splitless mode.

.5. Headspace sampling of BTEX from aqueous samples

Twenty milliliters of water sample was placed in a 25 mL vial
ontaining 1.0 g NaCl, then the vial sealed with a silicone septum
nd solid phase microextraction from headspace of the sample was
arried out at 60 ◦C. After 20 min, the SPME fiber was removed
rom the vial and was immediately inserted into the hot injection
ort of GC in splitless mode and stayed for 12 s. The analytes were
hermally desorbed and moved through the capillary column by
itrogen as carrier gas and finally detected by FID.

. Results and discussion

Two important reactions take place during the sol–gel process-
ng: (1) hydrolysis of the precursor and (2) polycondensation of
ydrolyzed products in the presence of suitable acid or base as a cat-
lyst to the formation of a three-dimensional polymeric network. In
his work, we used TBOT as the precursor and nitric acid as the cata-
yst. In our study, PEG was used for several purposes. First, selection
f this polymer aimed at chemically binding the PEG stationary
hase to the growing titania network at polycondensation step and
lso to increase in sample capacity for polar and non-polar com-
ounds [35]. Second, in order to eliminate the crack formation and
hermal stability, PEG was used to improve the adhesive strength
f coating [33] and finally, the use of PEG and TEA as ingredients
as caused to obtain a more porous structure and a large surface

rea. The proposed fiber coated on anodized aluminum was applied
s SPME-HS fiber in determination of BTEX from aqueous samples.
uring the HS-SPME procedure, the distribution and adsorption
quilibrium of the analytes must be established between the aque-
us and the gaseous phase, and between the gaseous and solid
hase. The equilibrium is affected by various factors, such as the
xtraction temperature, the identity of the analytes, the nature of
he fiber, and the extraction time. The optimal experimental con-
itions should be investigated for each compound and for the fiber
elected.

.1. Optimization of coating composition

In sol–gel based SPME fibers, the coating composition has
reat influence on the extraction efficiency and selectivity. There-
ore, the effect of coating compositions on extraction efficiency
to obtain better repeatability and higher sensitivity) was stud-
ed by using BTEX as model extracts. For this purpose, fibers

ith various compositions of coating material (weight percent)
ere prepared, and extraction of BTEX from gas phase was per-

ormed. The obtained results are shown in Fig. 1. As can be seen
mong four prepared compositions, fiber no. 2 (41.6% TBOT, 16.0
EG, 42.4% TEA) shows maximum extraction efficiency for each
ompound in comparison to the other compositions. Fig. 2 rep-
esents the micrograph of the sol–gel fiber no. 2 obtained by
ace area will be able to provide large stationary phase loading
nd therefore, high extraction capacity. This behavior is proba-
ly related to the formation of a homogenous coating layer on
ber no. 2, so it was selected as optimum fiber in further exper-

ments.
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Fig. 3. Effect of temperature on the transfer of BTEX to headspace of water samples.

f
f

ig. 1. Effect of sol–gel coating composition (%w/w) on BTEX extraction (fiber 1,
3.8% TBOT, 32.2 PEG, 34.0% TEA; fiber 2, 41.6% TBOT, 16.0 PEG, 42.4% TEA; fiber 3,
2.7% TBOT, 12.0 PEG, 45.3% TEA; fiber 4, 44.2% TBOT, 8.2 PEG, 47.6% TEA).

.2. Optimization of the microextraction temperature

In headspace SPME, the use of high temperature is suitable for
ncreasing volatility of analytes and establishing the analytes dis-
ribution equilibrium between the fiber and gaseous phase but
dsorption of the analytes on the fiber is undesirable at high tem-
eratures. However, optimization of the extraction temperature is
ecessary. For this purpose, extraction of BTEX was performed from
0 mL aqueous samples containing 40 ng L−1 of each compound at
arious temperatures. The obtained peak areas were plotted vs.
emperature, and are presented in Fig. 3. As seen, most of compo-
ents have been extracted using proposed fiber at 60 ◦C. Therefore,
0 ◦C was selected as a suitable experimental temperature for fur-
her studies.

.3. Optimization of microextraction time

Exposure time of the fiber in gaseous samples is an impor-
ant parameter in achieving distribution equilibrium of analytes
etween fiber and sample; it is a decisive factor for improving the

xtraction efficiency. Therefore, the proposed extraction procedure
as carried out at different times, ranging from 5 to 20 min. Fig. 4

hows the plot of peak areas vs. exposure times. From these results,
t was concluded that equilibrium was reached in 20 min. Thus, in

Fig. 2. Scanning electron micrograph of the sol–gel TBOT/PEG/TEA fiber.

3

r
b
1
d

Fig. 4. Effect of time on BTEX extraction.

urther extractions the fiber was exposed to headspace of sample
or 20 min.

.4. Optimization of desorption temperature and time

For optimization of desorption temperature, injections were car-

ied out at various temperatures ranging from 100 to 200 ◦C. As can
e seen from Fig. 5, all of components are completely desorbed at
80 ◦C, so it was selected as optimum desorption temperature. The
esorption time profile is illustrated in Fig. 6. All analytes which

Fig. 5. Effect of desorption temperature.
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Table 1
Quantities characteristics of the proposed method for water samples.

Compound Calibration curve equation Ra LODb LDRc

Benzene Y = 12.55x + 0.07d 0.995 7.2 20–800
Toluene Y = 55.21x + 0.05 0.995 5.4 15–80
Ethylbenzene Y = 96.81x + 0.35 0.998 6.3 10–800
o-Xylene Y = 81.14x + 0.04 0.998 14.8 40–800
m,p-Xylene Y = 79.03x + 0.13 0.991 8.1 20–800

a Correlation coefficient.
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Fig. 6. Effect of time on de-sorption of the analytes from the fiber at 180 ◦C.

ere adsorbed by the porous layer diffuse rapidly from fiber into
arrier gas. As Fig. 6 shows, the time required to complete desorp-
ion process is less than 12 s for all analytes. Such short desorption
quilibration times arise from the porous structure of the sol–gel
BOT/PEG/TEA fiber and result in a short analysis time as well as
harp chromatographic peaks.

.5. Effect of salt

It is well understood that the water solubility of an organic com-
ound is reduced by adding a salt (usually sodium chloride) to an
queous solution of the substance. Ions of the dissolved salt attract
nd hold water molecules, thus make them less free to interact with
he solute. This effect lowers the solubility of the solute molecules,
ith consequent separation or precipitation. To study the salting-

ut effect, the extraction is performed in the presence of different
oncentrations of NaCl. The results (Fig. 7) demonstrate that salting-
ut is most effective and 1 g NaCl (0.85 mol L−1) for each vial was
hosen for further studies.

.6. Study of the microextraction efficiency and other
haracteristics of proposed fiber
In this case, 10 sequential extractions were performed on a sin-
le sample. The extraction efficiency of the analytes was obtained
etween 18.67% and 21.56% in the first extraction of BTEX com-
ounds. It was well known that SPME is an equilibrium method and

ig. 7. Influence of NaCl concentration on microextraction efficiency of the SPME
ber.
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b Limit of detection (�g L−1).
c Liner dynamic range (�g L−1).
d Y and x are peak area and concentration of the analytes (�g L−1), respectively.

uantitative extraction of the analytes leads to low detection limits.
rom the experiments above, we can see that the proposed fiber has
high extraction capacity for BTEX components. The porous coat-

ng structure significantly increases the available surface area on
he fiber.

It should be mentioned that the proposed sol–gel TBOT/PEG/TEA
oated on the anodized aluminium fiber shows no sign of bleeding
ven at the high temperature of 300 ◦C. Such a high operating tem-
erature is probably related to strong adhesion of the coating to the
lumina surface through chemical bonding. As another advantage,
he high thermal stability of sol–gel TBOT/PEG/TEA fiber can pro-
ide efficient desorption of extracted analytes without carry over
y using a high injection temperature.

.7. Reproducibility of the proposed method

Further experiments have been performed to assess the repeata-
ility of the method. Thus, five replicate determinations were done
sing a single fiber and the relative standard deviations were cal-
ulated. The obtained results showed that the RSD% of the method
as less than 8.2% for all BTEX compounds, which indicates that the
roposed method is repeatable. Also reproducibility studies were
erformed on three different fibers, and the fiber to fiber relative
tandard deviation was calculated 13.5 ± 2.6% for all compounds.

.8. Quantitative characteristics of the proposed method and
nalytical application

To demonstrate the suitability of proposed method for the
uantitative analysis of BTEX in aqueous samples, we studied the
ecovery of BTEX compounds from water samples. The obtained
esults clearly showed that the matrix effect is negligible, so
uantitative characteristics of the proposed method such as cali-
ration curve equations, correlation coefficients, limit of detection
LODs) and linear dynamic ranges (LDRs) were studied. The
esults are summarized in Tables 1 and 2. The linearity is ideal
n the dynamic range: 20–800 �g L−1 for benzene, 15–80 �g L−1

or toluene, 10–800 �g L−1 for ethylbenzene, 40–800 �g L−1for o-
ylene and 20–800 �g L−1 for m,p-xylene. For these compounds,
ODs are between 5.4 and 14.8 ng mL−1. The high correlation coef-
cients (>0.991) and low detection limits as well as wide LDRs are
he other advantages of the proposed method. The analytical perfor-

ance characteristics of the proposed method were summarized
n Table 2 and compared with some of other reported GC-SPME

ethods in literature. As can be seen, the proposed method using
ol–gel TBOT/PEG/TEA fiber for the determination of BTEX in this
ork, showed a low or similar LOD and RSD in most cases, or even
uperior in some cases, to the previously reported methods. Also,
he proposed sol–gel fiber has a high extraction capacity toward
TEX in comparison to the reported fibers and this behavior is very
emarkable.
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Table 2
Comparison of analytical characteristics for proposed fiber with other fibers in determination of BTEX compounds.

Reference Fiber LDR LOD RSD% Matrix

[36] PDMS fiber from supelco – 100 �g L−1 <10% Water
[37] PDMS fiber and disposable ILcoated fiber 0.4–120 �g mL−1 56–271 g�g−1 11%< Paints
[38] PDMS/DVB 10–2000 �g L−1 1.5 �g L−1 5.4–8.3% Aqueous sample
[39] Lead dioxide fiber 0.1–100 � −1 −1

[40] Carboxen/PDMS –
[3] Silica rod coated with sol–gel 100–100
This work Anodized aluminum coated with titania sol–gel 10–800 �

Table 3
Results obtained from the analysis of west water samples.

Compound Concentration in west water sample (ng g−1)a RSD%

Benzene 34.2 ± 2.4 7.02
Toluene 96.5 ± 3.8 3.94
Ethylbenzene 161 ± 11 6.83
Para-xylene 199 ± 10 5.03
Meta-xylene 147 ± 12 8.2
Ortho-xylene 123 ± 9 7.3

a Average of three replicate determinations.
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ig. 8. A typical gas chromatogram of BTEX assay in headspace of water sample.

To evaluate the efficiency of the proposed method, it was used
or BTEX analysis in Bandar Emam Petrochemical Company (IRAN)
astewater samples. The obtained results are shown in Table 3 and

lso a typical chromatogram is presented in Fig. 8.

. Conclusion

A new sol–gel coated SPME fiber based on inorganic polymeric
atrix (titania sol and polyethgylene glycol) which is coated on

nodized aluminum wire is introduced. Probably because of chem-
cal bonding between the sol–gel TBOT/PEG/TEA and the aluminum
xide on the surface aluminum support, these sol–gel coated fibers
xhibit higher thermal stability and allows the use of high-injection
emperatures for efficient desorption of less-volatile analytes. The
orous structure of sol–gel coating increases the surface area on
he fiber, the speed of extraction and desorption steps and sam-

le capacity. The coating exhibited a strong hydrophobic character

n this work, as shown by the capability of extraction of apolar
romatic compounds, which, surprisingly, was comparable with
ommercial fibers. The proposed SPME fiber has a high extrac-
ion capacity and a good mechanical and thermal stability and can

[

[
[
[

g L 0.012 �g L – Well water
0.2–0.4 �g L−1 12% Water and air

0 ng g−1 8–20 ng g−1 5–7.9% Soil
g L−1 5.6–12.4 �g L−1 <8.2% Water

e used for more than 30 samplings. It has a number of advan-
ages such as simplifying sample preparation, preconcentration and
ncreasing reliability.
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a b s t r a c t

Novel biosensors based on laccase from Aspergillus oryzae and the ionic liquids (ILs) 1-n-butyl-3-
methylimidazolium hexafluorophosphate (BMIPF6) and 1-n-butyl-3-methylimidazolium tetrafluorob-
orate (BMIBF4) were constructed for determination of rosmarinic acid by square-wave voltammetry.
The laccase catalyzes the oxidation of rosmarinic acid to the corresponding o-quinone, which is elec-
trochemically reduced back to rosmarinic acid at +0.2 V vs. Ag/AgCl. The biosensor based on BMIPF6

showed a better performance than that based on BMIBF4. The best performance was obtained with
50:20:15:15% (w/w/w/w) of the graphite powder:laccase:Nujol:BMIPF6 composition in 0.1 mol L−1 acetate
buffer solution (pH 5.0). The rosmarinic acid concentration was linear in the range of 9.99 × 10−7 to
6.54 × 10−5 mol L−1 (r = 0.9996) with a detection limit of 1.88 × 10−7 mol L−1. The recovery study for ros-
Plant extract marinic acid in plant extract samples gave values from 96.1 to 105.0% and the concentrations determined
were in agreement with those obtained using capillary electrophoresis at the 95% confidence level. The
BMIPF6-biosensor demonstrated long-term stability (300 days; 920 determinations) and reproducibility,
with a relative standard deviation of 0.56%.
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. Introduction

Ionic liquids (ILs), in particular those derived from imidazolium
ation posses unique association of physicochemical properties
uch as excellent ionic conductivity, high chemical and ther-
al stability, negligible vapor pressure and wide electrochemical
indows [1–3]. These liquids have been widely used in biocataly-

is, liquid–liquid extraction processes, materials science, catalysis
nd organic synthesis [1]. In particular, properties such as non-
ammability, high ionic conductivity and electrochemical and
hermal stability make ILs ideal electrolytes in electrochemical
evices like in batteries, capacitors, fuel cells, photovoltaics, actu-
tors and electrochemical sensors [4–15].

The first carbon paste electrode (CPE) was proposed by Adams
n 1958 [16] and since then is widely used in the electroanalytical

ethods because it offers several important advantages, including

ontrolled bulk modification, ease of construction, low cost, versa-
ility, renewability and low background current [16–18]. It consists
f electrically conducting graphite powder and a nonconducting
rganic liquid as the binder. Nujol and paraffin are the most used

∗ Corresponding author. Tel.: +55 48 3721 6844; fax: +55 48 3721 6850.
E-mail address: iolanda@qmc.ufsc.br (I.C. Vieira).
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© 2008 Elsevier B.V. All rights reserved.

inder components of pastes [16–18]. Recently, the replacement of
raditionally used binders by ILs has been shown to be an attrac-
ive and efficient alternative due to the high ionic conductivity and
ensitivity of the resulting electrodes [4–15].

One of the most important enzymes in terms of applicability and
ersatility in industry is laccase. It is a multicopper oxidase, one
f the extracellular glycoprotein enzymes expressed by white-rot
ungi and other organisms that play a crucial role in the terrestrial
arbon cycle by aiding the degradation of lignocellulosic materi-
ls such as wood. Laccase acts on phenolic substrates by catalyzing
he oxidation of their phenolic hydroxyl groups to phenoxy radicals
hile molecular oxygen is reduced to water [19–21]. The general

pplication of this enzyme has been reported [19–26]. However,
iosensors based on the laccase and ionic liquids for the deter-
ination of phenolic compounds have not been described in the

iterature. There is only one report on the use of biosensor contain-
ng laccase from Trametes vericolor and ionic liquid for the inhibition
f laccase activity by halide ions [27] and there are two other
eports on the use of glucose oxidase and laccase from Coriolos ver-

icolor immobilized at multiwalled carbon nanotubes-ionic liquid
el modified electrodes used as catalysts of anode and cathode of
iofuel cells [28,29].

Rosmarinic acid is an ester of caffeic acid and 3,4-dihydroxy-
henylactic acid. It has a number of interesting biological activities
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uch as inhibiting the HIV-1 virus and blood clots, it is also
ntihepatitis (protecting the liver), antibacterial, antiviral, and anti-
nflammatory and it can act as an astringent. It is one of the

ost efficient natural antioxidants, hence its application in the
ood industry [30,31]. High performance liquid chromatography
s a method commonly used for determination of this substance
32]. However, this generally necessitates lengthy analysis, expen-
ive materials and preliminary steps to prepare the sample before
njection. Capillary electrophoresis has been used since it offers
onsiderable reductions in terms of sample preparation, analy-
is time and reagent consumption [33–36]. Recently, Santhiago
t al. [37] have developed a biomimetic sensor based on a din-
clear Fe(III)Zn(II) mimetic complex for the active site of purple
cid phosphatase for determination of rosmarinic acid. The ros-
arinic acid concentration was linear in the range of 2.98 × 10−5

o 3.83 × 10−4 mol L−1 with a detection limit of 2.30 × 10−6 mol L−1.
he coupling of electroanalytical methods with the selectivity and
ensitivity of enzymatic reactions is one the most attractive, ele-
ant and promising techniques for the construction of biosensors.
osmarinic acid is found in many plants and in leaf material of

emon balm (Melissa officinalis) it is the majority component. It is
dded as antioxidant in the cosmetic formulations; however, there
re no standard methods for its quantification. So, it is important
o develop methods with this main goal.

In this study, biosensors based on laccase from Aspergillus
ryzae and the ionic liquids 1-butyl-3-methylimidazolium hex-
fluorophosphate (BMIPF6) and 1-butyl-3-methylimidazolium
etrafluoroborate (BMIBF4) were constructed and evaluated. The
nfluence of different experimental parameters including the
ujol:BMIPF6 ratio, enzyme percentage, and solution pH, along
ith the frequency, pulse amplitude and increment for the square-
ave voltammetry, were investigated in order to optimize the
erformance of the biosensors employed in the determination of
osmarinic acid. The results obtained in the determination of this
ubstance in plant extract samples using the selected biosensor
ompared favorably with those obtained using the capillary elec-
rophoresis method.

. Experimental

.1. Reagents and solutions

Laccase from A. oryzae was purchased from Novozymes
Denilite® II BASE) in the form of microspheres. The ionic
iquids 1-butyl-3-methylimidazolium hexafluorophosphate and 1-
utyl-3-methylimidazolium tetrafluoroborate were synthesized as
reviously described in the literature [38,39]. Graphite powder
grade #38) and Nujol were supplied by Fisher Scientific and
ldrich, respectively. Adrenaline, caffeic acid, catechin, chloro-
enic acid, ferulic acid, gallic acid, hesperetin, hesperidin, luteolin,
-coumaric acid, p-coumaric acid, rosmarinic acid, sinapic acid,

yringic acid, tannic acid, rutin and vanillic acid were pur-
hased from Sigma. Eriodictyol-7-O-glucoside was purchased from
xtrasynthese. Acetate buffer (0.1 mol L−1, pH 5.0) solution was
sed as the supporting electrolyte. For the capillary electrophore-
is analysis, chlorogenic acid (internal standard) was prepared
n methanol at 800 mg L−1. Lemon balm (Melissa officinalis L.)
lant extracts (A, A′: Melissa HG FS 157660705 and B, B′: Melissa

8745—100%), used for the manufacture of cosmetic products,
ere obtained from Farma Service Bioextract (São Paulo, SP,
razil). All reagents were of analytical grade and used with-
ut further purification. Ultrapure water (18.2 M�) was obtained
rom a Milli-Q purification system and used throughout the
xperiments.

d
o
o
r
e
t

7 (2009) 1322–1327 1323

.2. Instrumentation

Voltammetry measurements were carried out using an Autolab
GSTAT12 potentiostat/galvanostat (Eco Chemie, The Netherlands)
onnected to data processing software (GPES, software version
.9.006, Eco Chemie). The three-electrode system was composed
f a biosensor (geometric area 1.0 mm2) based on laccase and ionic
iquids (BMIPF6 and BMIBF4) as the working electrode, a platinum

ire as the auxiliary electrode and an Ag/AgCl (3.0 mol L−1 KCl) as
he reference electrode. Electropherograms were obtained with an
gilent Technologies automated HP3DCE capillary electrophoresis
pparatus (Palo Alto, CA, USA), equipped with a diode array detec-
or. The measurements were performed at 25 ◦C on an uncoated
used-silica capillary (48.5 cm × 50 �m I.D. × 375 �m O.D, 8.5 cm of
ffective length) obtained from Microtube (Araraquara, SP, Brazil).
he acquisition software for data treatment was HP Chemstation®.

.3. Construction of biosensors

The biosensors were prepared by hand-mixing laccase (40.0 mg;
0%, w/w) and graphite powder (100.0 mg; 50%, w/w) in a mortar
or 20 min to ensure uniform dispersion. Nujol (30.0 mg; 15%, w/w)
nd BMIPF6 or BMIBF4 (30.0 mg; 15%, w/w) were added to this mix-
ure which was then mixed for at least 20 min to produce the final
aste. A portion of the resulting paste was packed firmly into the
avity of a syringe and the electrical contact was established via
copper wire. The biosensors were stored at room temperature
hen not in use. The carbon paste electrode without laccase was
repared following the same steps.

.4. Electrochemical and capillary electrophoresis measurements

Square-wave voltammetry and cyclic measurements were car-
ied out in an unstirred, non-de-aerated acetate buffer solution (pH
.0) at 25.0 ± 0.5 ◦C and all potentials were measured and reported
s. Ag/AgCl (3.0 mol L−1 KCl). In a typical run, 10 mL of the support-
ng electrolyte was transferred to a clean, dry cell and the required
olume of the rosmarinic acid or sample of the plant extract was
dded by micropipette. After a stirring period of 60 s to homog-
nize the solution, a square wave or cyclic voltammograms were
ecorded.

Electropherograms were obtained using the injection pres-
ure of 50 mbar (5.25 Pa) for 5 s and UV detection at 340 nm. The
pplied separation voltage was 30 kV, negative polarity. The back-
round electrolyte (BGE) consisted of 10.0 × 10−3 mol L−1 (pH 9.3)
f sodium tetraborate. At the start of each new working session,
he capillary was conditioned at 25 ◦C and flushed with 1.0 mol L−1

odium hydroxide for 10 min, followed by deionized water for
min and finally with the BGE for 10 min. Between runs with

he same buffer, the capillary was rinsed for 0.5 min with BGE.
t the end of the analysis the capillary was rinsed for 5 min
ith 1.0 mol L−1 sodium hydroxide and for 10 min with deionized
ater.

. Results and discussion

.1. Enzymatic reaction and voltammetric study of the biosensors

Reactions catalyzed by enzymes have long been used for the
etermination of different analytes. Numerous biosensors based

n laccase have been described in the literature [24–27]. This is
ne of the blue copper oxidases which catalyze the four-electron
eduction of molecular oxygen to water and the oxidation of a vari-
ty of aromatic compounds. In this study, laccase immobilized on
he biosensor catalyzes the oxidation of rosmarinic acid present in
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Fig. 1. Schematic representation of the reaction involving

he solution to the corresponding o-quinone. This product is elec-
rochemically reduced back to rosmarinic acid on the surface of the
iosensor as shown in Fig. 1. The resulting reduction current is used
s the analytical response for rosmarinic acid determination.

The electrochemical behavior of rosmarinic acid using the
are CPEs and biosensors based on laccase and BMIPF6 or
MIBF4 as binders was investigated by square-wave voltamme-
ry in the potential range of +0.5 to −0.5 V vs. Ag/AgCl. Fig. 2
hows the voltammograms obtained using (a′) BMIBF4-CPE, (a)
MIBF4-biosensor, (b′) BMIPF6-CPE and (b) BMIPF6-biosensor in
6.10 × 10−5 mol L−1 rosmarinic acid solution in acetate buffer

0.1 mol L−1, pH 5.0). As can be seen, for the BMIPF6-biosensor,
higher response for the reduction wave of o-quinone to ros-
arinic acid at a potential of +0.2 V was observed when compared

ith the BMIBF4-biosensor at a potential of +0.1 V and CPEs con-

aining ILs. A plausible explanation for the better performance
f the BMIPF6-biosensor compared to the BMIBF4-biosensor is
hat the use of PF6

− as the counter ion for the N,N-dialkyl sub-

ig. 2. Square-wave voltammograms obtained using (a′) BMIBF4-CPE, (a) BMIBF4-
iosensor, (b′) BMIPF6-CPE and (b) BMIPF6-biosensor with 6.10 × 10−5 mol L−1

osmarinic acid in 0.1 mol L−1 acetate buffer solution (pH 5.0); pulse amplitude
00 mV, frequency 30 Hz and scan increment 5.0 mV.
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arinic acid and laccase on the BMIPF6-biosensor surface.

tituted imidazolium cation causes the resulting structure to be
ydrophobic. As a consequence, it has a greater stability, good elec-
rochemical conductivity and a wide electrode potential window
n aqueous solutions [8]. On the other hand, the BF4

− forms a
ydrophilic structure with the same cation and thus, for the con-
truction of biosensors, it is unstable in aqueous solutions [1]. The
iscibility in water of ILs based on anions such as BF4

− is depen-
ent on the structure of the cations. The miscibility decreases
ith an increase in the cation chain length [1–3]. Therefore,

he BMIPF6-biosensor was chosen for the development of this
tudy.

.2. Optimization of the biosensor construction and experimental
arameters for square-wave voltammetry

Parameters regarding the biosensor composition were investi-
ated in order to build a biosensor with adequate performance.
he Nujol:BMIPF6 ratios (a) 100:0; (b) 75:25; (c) 50:50; (d) 25:75
nd (e) 0:100% (w/w) were studied and the biosensor responses
n the rosmarinic acid determination by (A) cyclic voltammetry
nd (B) square-wave voltammetry are compared in Fig. 3. All the
iosensors had the same graphite powder:laccase ratio. As can been
bserved in the cyclic voltammograms (Fig. 3A), the background
urrent increased with an increase in the BMIPF6 content. It has
een reported in the literature [9,13,15] that the addition of ILs to
PEs modifies the microstructure of the paste and that the charge
ransfer resistance decreases and charge transfer rate increases, due
he higher conductivity of the ILs. The response of the proposed
iosensor did not follow this behavior. It can be clearly observed
hat the background current (due principally to the capacitive cur-
ent) increased considerably when BMIPF6 represents over 50%. The
ame behavior was reported [8] for the oxidation of acetaminophen
n carbon paste electrodes modified with different ILs. When the
ontribution of the capacitive current was suppressed (square-
ave voltammograms showed in Fig. 3B; inset shows the current

alues for each biosensor composition), an increase in the current

eduction peak was observed up to a Nujol:BMIPF6 ratio of 50%.
fter this, the current decreased significantly. These results are in
ccordance with those obtained by cyclic voltammetry and confirm
he efficiency of the BMIPF6 as a binder when used in a suitable
mount. Additionally, it is clearly observed that the sensitivity of
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Fig. 3. (A) Cyclic and (B) square-wave voltammograms obtained using differ-
ent Nujol:BMIPF6 ratios in the carbon paste modified with laccase immersed in
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Table 1
Optimization of the experimental conditions

Parameter investigated Range studied Optimal value
Nujol:BMIPF6 (% w/w) 100:0–0:100 50:50
Laccase (% w/w) 10–30 20
pH 4.0–8.0 5.0
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.10 × 10−5 rosmarinic acid solution and 0.1 mol L−1 acetate buffer solution (pH 5.0)
t (A) 100 mV s−1 and (B) same conditions as in Fig. 2. Inset: current values for each
iosensor composition.

he biosensor was greatly enhanced when the Nujol:BMIPF6 ratio
sed was 50:50% (w/w) together with square-wave voltamme-
ry. Therefore, this proportion was used for subsequent biosensor
onstruction and square-wave voltammetry analysis for the deter-
ination of rosmarinic acid.
The effect of laccase in percentages of 10–30% (w/w) on the

odified carbon paste electrode was investigated. The analytical
ignals (cathodic peak currents) increased with increases in the
nzyme composition up to 20.0% (w/w). Consequently, this enzyme
omposition was selected for further studies and a composition of
0:20:15:15% (w/w/w/w) graphite powder:laccase:Nujol:BMIPF6,
espectively, was used in the construction of the BMIPF6-
iosensor.

After the optimization of the biosensor composition, other
mportant experimental parameters were investigated, including
olution pH (4.0–8.0) and square-wave voltammetry parameters
frequency of 10–100 Hz, pulse amplitude of 10–100 mV and scan
ncrement of 1.0–5.0 mV) in order to obtain the best response for the

roposed BMIPF6-based biosensor. The response was analyzed on
he cathodic peak current for a 6.10 × 10−5 mol L−1 rosmarinic acid
olution. Table 1 summarizes the range over which each variable
as investigated and the optimal value found. The best experimen-

al conditions were selected for subsequent experiments.

e
a
w
a
5

requency (Hz) 10–100 30.0
ulse amplitude (mV) 10–100 100
can increment (mV) 0.5–5.0 5.0

.3. Reproducibility and stability of the biosensor

To investigate the precision of the determination, the
ame biosensor was used for six parallel determinations of
.10 × 10−5 mol L−1 rosmarinic acid solution in acetate buffer solu-
ion (0.1 mol L−1; pH 5.0). The relative standard deviation was
alculated as 0.94%. Four biosensors were constructed using the
ame procedure and were independently used for the determina-
ion of rosmarinic acid under the conditions described above. All
he biosensors showed an acceptable reproducibility with a rela-
ive standard deviation of 0.56%, indicating that the results obtained
ith the proposed biosensor have a good reproducibility.

The lifetime and stability of the biosensor are very important
eatures, and thus these parameters were also investigated. The
iosensor was used for consecutive measurements without surface
enewal over a 300-day period (over 920 samples were determined
or each quantity of carbon paste used in the syringe). The response
as recorded (cathodic peak currents) in a 6.10 × 10−5 mol L−1 ros-
arinic acid (pH 5.0) solution. When the biosensor was stored

t room temperature and measurements taken every 1–2 days
n solutions of the same composition, no notable changes were
bserved in its response, indicating good stability and long
ifetime.

.4. Square-wave voltammograms and analytical curve

Under the selected conditions mentioned above, the analytical
urve obtained was linear from 9.99 × 10−7 to 6.54 × 10−5 mol L−1

f rosmarinic acid and the regression equation found was
pc = −1.1210 + 0.5630 × 106 [rosmarinic acid] (Ipc: �A; [rosmarinic
cid]: mol L−1; r = 0.9996). The detection limit (three times the
lank signal/slope) was calculated using this calibration curve and
as found to be 1.88 × 10−7 mol L−1. Fig. 4 shows these voltammo-

rams and the corresponding analytical curve can be seen in the
nset. The experiments were carried out in triplicate and the results
hown in the inset correspond to the mean of the measurements.

.5. Selectivity and interference study

Phenolic compounds, such as adrenaline, caffeic acid, cate-
hin, chlorogenic acid, ferulic acid, gallic acid, luteolin, p-coumaric
cid, rosmarinic acid, syringic acid, sinapic acid, tannic acid, rutin
nd vanillic acid were investigated, in order to determine the
electivity of the proposed biosensor. The sensor was more sen-
itive to rosmarinic acid (100%), adrenaline (63.0%), caffeic acid
25.0%), chlorogenic acid (22.0%), catechin (10.0%) and rutin (9.0%).
o response was observed for the other phenolic compounds

tudied.
The effects of other substances on the determination of ros-

arinic acid in lemon balm plant extracts, such as caffeic acid,

riodictyol-7-O-glucoside, hesperetin, hesperidin, m-coumaric
cid, naringenin and naringin, were investigated using square-
ave voltammetry. The ratios of the concentration of rosmarinic

cid to those of the possible interferents were fixed at 1.0 and
.0. Of these substances, only the caffeic acid and eriodictyol-
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Fig. 4. Square-wave voltammograms obtained using the proposed biosensor for (a)
blank in acetate buffer solution (0.1 mol L−1; pH 5.0) and rosmarinic acid solutions
at the following concentrations: (b) 9.99 × 10−7 mol L−1; (c) 4.98 × 10−6 mol L−1;
(d) 7.94 × 10−6 mol L−1; (e) 9.90 × 10−6 mol L−1; (f) 1.48 × 10−5 mol L−1; (g) 1.96 ×
10−5 mol L−1; (h) 2.44 × 10−5 mol L−1; (i) 3.38 × 10−5 mol L−1; (j) 3.85 × 10−5 mol
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Table 3
Determination of rosmarinic acid in plant extracts using the BMIPF6-biosensor and
capillary electrophoresis

Sample Rosmarinic acid (mg L−1) Relative error (%)a

Capillary electrophoresisb BMIPF6-biosensorb

A 229.5 ± 0.1 230.7 ± 0.2 +0.5
A′ 229.5 ± 0.1 229.9 ± 0.1 +0.2
B 230.2 ± 0.1 215.9 ± 0.2 −6.2
B

4

f
h
r
t
b
h
r
t
b
m
n
d
p

A

4
B
f

R

[

−1; (k) 4.31 × 10−5 mol L−1; (l) 4.76 × 10−5 mol L−1; (m) 5.66 × 10−5 mol L−1; (n)
.10 × 10−5 mol L−1; (o) 6.54 × 10−5 mol L−1; other conditions are the same as in
ig. 2. Inset: the analytical curve of rosmarinic acid.

-O-glucoside showed electrochemical activity on the proposed
iosensor. Nevertheless, the concentrations of these compounds in
he plant extracts were very low and did not interfere in the deter-

ination of rosmarinic acid. These data were agreement with those
eported recently by Dastmalchi et al. [40] using high performance
iquid chromatography and a biomimetic sensor [37].

.6. Recovery study and analytical application

Recoveries of 96.1–105.0% for rosmarinic acid present in the
lant extract samples (n = 3) were obtained using the biosensor.

n this study 3.57, 10.48, 17.15 and 23.56 mg L−1 of rosmarinic acid
olutions were successively added to each sample and the cathodic
urrent peak analyzed. The recovery results obtained were satisfac-
ory, as shown in Table 2, indicating an absence of matrix effects in
he rosmarinic acid determinations using the proposed biosensor.
lso, the results obtained with the BMIPF6-based biosensor were
ompared with those obtained using the capillary electrophoresis
ethod. The results for the two determination methods are shown
n Table 3. A good agreement was obtained at the 95% confidence
evel, within an acceptable range of error, indicating that the biosen-
or is suitable for the determination of the antioxidant rosmarinic
cid in plant extracts.

able 2
ecoveries of rosmarinic acid solution in plant extracts using the biosensor proposed

osmarinic acid (mg L−1) Recovery (%)

ample Addeda Found

3.57 3.66 ± 0.02 102.5
10.48 10.78 ± 0.01 102.9
17.15 17.31 ± 0.02 100.9
23.56 22.63 ± 0.03 96.1

3.57 3.61 ± 0.02 101.1
10.48 11.01 ± 0.02 105.0
17.15 17.68 ± 0.03 103.0
23.56 22.97 ± 0.01 97.5

a n = 3.

[

[

[
[

[
[
[
[

[
[
[
[
[

[

[
[

[

′ 230.2 ± 0.1 212.2 ± 0.1 −7.8

a BMIPF6-biosensor vs. capillary electrophoresis.
b n = 3; confidence level of 95%.

. Conclusions

In this study, we present novel biosensors based on laccase
rom A. oryzae and the ionic liquids 1-butyl-3-methylimidazolium
exafluorophosphate or 1-butyl-3-methylimidazolium hexafluo-
oborate used as the binder. The IL-based biosensors were used for
he determination of rosmarinic acid in plant extracts. The BMIPF6-
ased biosensor showed more favorable analytical features such as
igh sensitivity, linear calibration range, low detection limit, rapid
esponse, good reproducibility and long-term stability. In addition,
he low cost, renewability, simplicity and fast construction of the
iosensor, using square-wave voltammetry as the analysis method,
ake it superior to other techniques for rosmarinic acid determi-

ation. The results indicated that the antioxidant was successfully
etermined and the results obtained were satisfactory when com-
ared with the capillary electrophoresis method.
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a b s t r a c t

A dynamic liquid phase microextraction (LPME) system, based on hollow-fibre supported liquid mem-
brane (SLM) extraction, was developed for extracting ionisable xenobiotics from human plasma, and
its performance was evaluated (in terms of extraction efficiency, reproducibility, durability and carry-
over) using nitrophenolic compounds as model analytes at concentrations of 0.1–0.5 �g mL−1 in aqueous
eywords:
upported liquid membrane
iquid phase microextraction
ollow fibre
itrophenols

standards. The efficiency and repeatability were tested also on spiked human plasma. The system is
non-expensive, convenient, requires minimal manual handling and enables samples with volumes as
small as 0.2 mL to be extracted. For plasma samples extraction efficiencies of between 30 and 58% were
achieved within 20 min, including washing steps. The limit of detection (LOD) values were in the range
0.02–0.03 �g mL−1. The developed system can provide enrichment factors up to eight, based on the
injection-to-acceptor volume ratio (in this case 0.2–0.025 mL). The same hollow-fibre membrane was
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uman blood plasma used up to 8 days with no

. Introduction

In analyses of biological samples, such as plasma, extensive
lean up is required to minimize signal suppression by matrix com-
onents in the detection step, especially when using ESI-MS. For
lasma samples the available sample volumes are also often lim-

ted, and thus an extraction method that can handle small sample
olumes is desirable. Membrane extraction methods provide many
f the benefits of classic liquid–liquid extraction, but they consume
ess solvents, can be miniaturized and are often less laborious. They
re also versatile and can be used in either two- or three-phase
ystems.

Membrane extraction has been reviewed by Jönsson and Math-
asson [1], and the associated mass transfer kinetics has been
arefully examined [2]. On-line membrane extraction/LC/UV [3]
nd semi-automated membrane extraction/GC/MS [4] systems
ave also been described recently. The used membranes are
icroporous and either planar or tubular (i.e. hollow fibre). The

ollow-fibre technique is usually referred to as liquid phase

icroextraction (LPME) or hollow-fibre LPME (HFLPME) and has

ecently been reviewed by Pedersen-Bjergaard and Rasmussen [5].
he technique can be used in different ways. The most commonly
eported is the liquid–liquid–liquid system, based on extraction

∗ Corresponding author.
E-mail address: ulrika.nilsson@anchem.su.se (U. Nilsson).
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f efficiency. Carry-over was lower than detection limit.
© 2008 Elsevier B.V. All rights reserved.

rom an aqueous donor, via a supported organic liquid mem-
rane (SLM) to an aqueous acceptor, but it can also be used
or extraction in liquid–liquid systems from aqueous donors to
rganic solvents. Another approach is HF-supported headspace-
PME [6–8]. HFLPME has mostly been performed in static mode,
hich was previously applied to nitrophenols present at trace levels

n water samples with large volumes, yielding enrichment fac-
ors of several thousands [9]. Also several works using HFLPME
n dynamic mode [7,10] and automated systems [11,12] have been
ublished.

Liquid–liquid–liquid HFLPME systems can be efficient for
xtracting ionisable species and metal ions [13], as long as pH
f both donor and acceptor is appropriate. Organic solvents with
ong chain hydrocarbons like n-undecanone or more polar sol-
ents like dihexylether [1], or a mixture of two different organic
ompounds are often used. Additives, such as ion-pairing agents,
ave also been used to enhance mass transfer over the mem-
rane [1]. The driving force in such a system is the concentration
radient, which is dependent on the diffusion rates and partition-
ng coefficients of the analytes in the different liquid phases. The
emperature in the system affects both diffusion and partition coef-
cient [14].
The aim of this study was to develop and evaluate an alternative
pproach to dynamic HFLPME for extracting ionisable xenobiotics,
uch as nitrophenolic compounds, from human plasma. The device
sed is a miniaturized version of the XT-extractor [15] previously
resented by our group. In the cited study, the extractor was used
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Fig. 1. Chemical structures, log P and

or three-phase extraction of pharmaceuticals in urine, but it has
lso been applied to two-phase extraction of organophosphate
riester flame-retardants in human plasma [16]. The extraction

ethod requires a minimum of manual handling with a reusable
embrane and the design makes it straightforward to couple to

nalytical instruments, such as LC/MS. To automate the extraction,
owever, the stability and durability of the membrane as well as
arry-over have to be considered. In the present study, the device
as been miniaturized to increase the surface area-to-sample vol-
me ratio of the membrane, which was expected to increase the
xtraction efficiency. Nitrophenolic compounds in both plasma
nd aqueous samples were selected as model analytes. They com-
rise a group of toxic compounds that have various industrial uses,
nd some have been globally used as herbicides, although the lat-
er use is now banned by both the US Environmental Protection
gency (EPA) and the European Union (EU) [17,18]. Exposure limits
f 10 �g mL−1 for serum and 5 �g mL−1 for whole blood have been
roposed [19], and the EU Directive 75/440/EEC has set a maximum
ermissible level to 5 �g L−1 for the sum of pesticides in tap water
20]. For individual phenols in surface water, used for production
f drinking water, the maximum permissible levels range between
and 100 �g L−1 [21].

. Experimental

.1. Chemicals and material

The standard compounds, 4,6-o-dinitrocresol (DNOC), 2-sec-
utyl-4,6-dinitrophenol (Dinoseb), 2-tert-butyl-4,6-dinitrophenol
Dinoterb), 2,4-dinitrophenol (DNP) and 3-methyl-4-nitrophenol
IS) were all of 98% purity and purchased from Sigma–Aldrich
Seelze, Germany). The studied compounds are shown in

ig. 1.

Dihexylether (97%) and acetonitrile (analytical grade) were
rom Sigma–Aldrich (Steinheim, Germany). Sodium hydrogen car-
onate, sulphuric acid, sodium hydroxide and sodium chloride
ere obtained from Merck (Darmstadt, Germany). Formic acid

s
s
s
s
p

ig. 2. The extractor used in this study. (A) Polypropylene fibre, (B) fused silica capillary, (
hrough the PTFE-tubing.
f the investigated model compounds.

98–100%) was bought from Scharlau Chemie S.A (Barcelona,
pain), and acetone (Normapure) from VWR international (Lutter-
orth, UK). All aqueous solution used and buffers were made from
ater purified using a MilliQ device (Millipore, Billerica, MA, USA).
ccurel polypropylene (PP 50/280) hollow fibre was purchased

rom Membrana GmbH (Wuppertal, Germany). Polyetheretherke-
one (PEEK) T-connectors, low-pressure polyacetal fittings, o-rings
nd PTFE tubing (OD 1/16 in., id 0.5 mm), were obtained from Vici
our (Schenkon, Switzerland), cyanoacrylate glue from Casco AB
Stockholm, Sweden) and fused silica capillary tubing (TSP 100245)
rom Polymicro Technologies Inc. (Phoenix, AZ, USA).

.2. The extractor

The extraction device, called the SLM extractor, used in
his study is very similar in construction to a previously
escribed device, the XT-extractor [15], but contains a membrane
ith smaller dimensions (wall thickness 50 �m, inner diameter

80 �m). The extractor is easily assembled by hand without any
ools. As shown in Fig. 2, it consists of two PEEK T-connectors con-
ected by PTFE tubing (1/16 in. OD, 0.5 mm id) housing a 12-cm

ong piece of hollow fibre that is stuck, at both ends, to an overlap-
ing, 6 cm fused silica capillary (TSP 100245) tube by cyanoacrylate
lue. The PTFE tubing is flanged at both ends and attached to
ach T-connector with low-pressure polyacetal fittings (1/16 in. OD,
/4′ ′-28) and o-rings (1/16 in. OD, PP). The fused silica capillaries
re tightly connected to a ferrule at their unglued ends. To prevent
wisting, the fittings and connectors are tightly connected at one
nd, while the hollow fibre is free to move at the other. The fibre
nd the fused silica capillary overlap by about 3–4 mm, to avoid
he glue entering the capillary. The device is connected to a syringe
ump (Harvard apparatus, pump 22, MA, USA), equipped with two

yringes (Hamilton, Bonaduz, Schweiz), one of which supplies the
ystem with the donor phase (aqueous solution of 0 or 200 mM
odium chloride, pH 5 adjusted with sulphuric acid) while the other
upplies the acceptor phase (62 mM sodium hydrogen carbonate,
H 10 adjusted with sodium hydroxide).

C) fibre/capillary overlap, (D) PTFE-tubing, (E) flanged endings, (F/G) donor out/ in
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GT/SGE) for the donor phase than the one for the acceptor phase
(10 mL, 10-MDF-LL-GT/SGE). During the extraction, the acceptor
phase was static in the extractor, and the acceptor flow was led to
waste. The sample was injected via the 200 �L injector loop, and for

Table 1
Experimental design, n = 3.
Fig. 3. The extractor and column heater set-up. (A) Heating block, (B

.3. Preparation of the hollow-fibre membrane

Before the hollow fibre was mounted in the PTFE tubing, it was
horoughly washed with acetone. The fibre was then connected to
fused silica capillary connected to a 5-mL syringe filled with ace-

one, which was manually pushed, at high pressure, through the
bre channel and pores. The syringe was then placed in a syringe
ump, which passed acetone through the fibre at a flow rate of
mL min−1 for 5 min. The acetone was then evaporated from the
ores of the fibre, which was subsequently glued to the fused silica
apillary with a 3–4 mm overlap, mounted in the PTFE tube and
nally attached to the T-connectors.

The next step was to prepare the organic liquid membrane,
y saturating the fibre pores with dihexylether. For this pur-
ose, the extractor was clamped vertically and a small amount of
ihexylether (approximately 0.2 mL) was delivered by hand from
glass syringe, connected to the fused silica capillary by a small
iece of PTFE tubing. The length of the fused silica capillary was
hen cut to approximately 3 cm to minimize the backpressure in
he extractor.

The extractor was finally connected to the syringe pump and
0 mL min−1 flows of both donor and acceptor phases were deliv-
red for 40 min to eliminate excess dihexylether. To detect any
eakage through the liquid membrane, the pH of both the acceptor
nd donor phases was monitored at the outlet.

.4. Extraction set-up

In order to control the temperature the extractor (C) was
ounted in a column heater as shown in Fig. 3. The donor phase

aqueous solution of 0 or 200 mM sodium chloride, pH 5) was
assed through heating block (A) shortly after entering the column
eater. The syringe pump, which provided the system with both
onor and acceptor flows, was placed outside the column heater.
he flow rates of the donor and acceptor phases were set to100
nd 25 �L min−1, respectively. The samples were injected using an

njection valve (B, Rheodyne, Cotati, CA, USA) mounted in the heater
all and equipped with either a 100-, 200- or 500 �L PEEK loop.

he acceptor flow was passed through a low-pressure manual valve
D) before entering the column heater and extractor, allowing the
cceptor flow to be switched off for static extraction.

V

D
A
T
N

tion valve, (C) extractor, (D) manual low-pressure valve, (W) waste.

.5. Sample preparation

Stock solutions of the individual reference compounds were pre-
ared by dissolving the weighed substances in acetonitrile:water
1:9) to a final concentration of 60 �g mL−1. The stock solutions
ere stored in the refrigerator at 5 ◦C until use.

Non-spiked plasma was obtained from Karolinska Hospital
Stockholm, Sweden) and was kept at −20 ◦C until shortly before
se, when it was thawed at room temperature. Aliquots of 2 mL
lasma and 0.5 mL of diluted standard (at a concentration of
.1–0.5 �g mL−1 of each analyte) were mixed for 30 min on a mixing
able. For blank samples, 0.5 mL of water was added to the plasma.
fter mixing, 1.8 mL water, 0.2 mL isopropanol and two drops of
ulphuric acid was added to each plasma sample, and gently mixed
hen ultrasonically agitated for 1 min. After this, the plasma sam-
les were kept at room temperature during the day of analysis.

.6. Evaluation of the extraction parameters

The effects of three extraction parameters (extraction temper-
ture, presence of salt in the donor phase, and flow rates) were
valuated using a full factorial experimental design with the exper-
mental matrix shown in Table 1. The results were then evaluated

ith Modde 6.0 software (Umetrics, Umeå, Sweden).
The following variable settings were applied in all subsequent

xperiments. The acceptor phase flow rate throughout the exper-
ments was set at a quarter of the donor phase flow rate by using
syringe with a 4-fold smaller cross-section (2.5 mL, 2.5-MDF-LL-
ariable Low Mid High

onor flow rate 50 �L min−1 75 �L min−1 100 �L min−1

cceptor flow rate 12.5 �L min−1 19 �L min−1 25 �L min−1

emperature 20 ◦C 35 ◦C 50 ◦C
aCl in donor 0 mM – 200 mM
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Table 2
Plasma sample treatments.

Method Plasma treatment Analyte concentration in
plasma (ng �L−1)

Total volume
(mL)

1 2 mL plasma, 0.5 mL std (0.5 ng �L−1), 1 mL formic acid (100%) 0.07 3.5
2 1 mL plasma, 0.5 mL std (0.5 ng �L−1), 1 mL ultra pure water, sulphuric acid to pH 2 0.1 2.5
3 1 mL plasma, 0.1 mL std (10 ng �L−1), 0.9 mL ultra pure water, sulphuric acid to pH 2 0.5 2.0
4 1 mL plasma, 0.1 mL std (10 ng �L−1), 0.9 mL ultra pure water, ultrasonicate 30 min, sulphuric acid to pH 2 0.5 2.0
5 −1 icate
6 icate
7 1 min
8
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1 mL plasma, 0.1 mL std (10 ng �L ), 0.9 mL ultra pure water, ultrason
1 mL plasma, 0.1 mL std (10 ng �L−1), 0.9 mL ultra pure water, ultrason
2 mL plasma, 1 mL std (0.5 ng �L−1), 0.2 mL isopropanol, ultrasonicate
Classic LLE

donor flow rate of 100 �L min−1 the entire sample volume passed
hrough the extractor (on the external side of the membrane) in
.5 min. The acceptor flow was then started and the extract from the

nner volume of the membrane was collected in a vial over 1 min.
n aliquot of 10 �L of the internal standard solution (3-methyl-4-
itrophenol) was added to the vial and the resulting solution was
ortex-mixed for a few seconds. After the extraction the donor and
cceptor solutions were pumped through the system for 4.5 min
o clean the extractor. The time needed for a total extraction cycle,
ncluding extraction, sample collection and wash, was proportional
o the donor flow rate.

.7. Plasma sample treatment

Plasma samples were treated in different ways (method 1–7
n Table 2) before SLM extraction and compared to classic liquid
xtraction (method 8). Different pH values and denaturation meth-
ds were tested, in order to minimize possible plasma matrix effects
n the extraction.

All samples contained 1–2 mL human plasma, 0.1–1 mL stan-
ard solution (0.5–10 �g mL−1 of each analyte for samples, and
.0 �g mL−1 for blanks). For comparison, standard liquid–liquid
xtraction was also performed with 2 mL blank plasma and 1 mL
ihexylether in a 10-mL test tube. The phases were shaken for 9 min
nd this procedure was repeated once. The extracts were pooled,

entrifuged at 3000 rpm for 2 min and the resulting supernatant
as then extracted twice with 1 mL of acceptor phase.

To evaluate the influence of the extraction time, amount and
oncentrations of the analytes injected on extraction efficiency,

ig. 4. Chromatograms obtained by LC/ESI-MS of spiked plasma samples in SIM
ode, monitoring the [M−H]− ions. 100 �L plasma samples, 0.5 ng �L−1 extracted.

Unknown compound detected in all plasma samples.
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1 min, sulphuric acid to pH 2 0.5 2.0
1 min, sulphuric acid to pH 1 0.5 2.0
, sulphuric acid to pH 1 0.16 3.2

6.0 3.0

njection loops of three sizes (0.1, 0.2 and 0.5 mL) and two sample
oncentrations (0.1, 0.5 �g mL−1) were tested.

.8. LC/ESI-MS

HPLC was performed using an LC 10 AD vp chromatograph
quipped with a SIL-10 AD vp autoinjector (Shimadzu, Japan) and
Hypersil-Gold C18 column (50 mm × 2.1 mm id, 3.5 �m particle

ize; Thermo, Cheshire, UK). In each case the injection volume was
�L, the (isocratic) mobile phase was 45% acetonitrile in water with
.01% formic acid, flow rate 200 �L min−1, and the total run time
as 18 min.

The HPLC system was coupled to an ESI triple quadrupole API
000 mass spectrometer from Applied Biosystems (MDS SCIEX,
oster City, Canada). The resulting quasi-molecular ions [M−H]−

m/z 152 for IS, 183 for DNP, 197 for DNOC and 239 for both Dinoseb
nd Dinoterb) were measured in negative ion, selected ion moni-
oring (SIM) mode with the following settings: desolvation tem-
erature 350 ◦C, declustering potential −40 V, focusing potential
400 V, entrance potential −10 V, nebulizer gas 10 psi, curtain gas
0 psi, ion spray voltage −4500 V, and ion source gases 20 psi. Typ-

cal mass chromatograms for plasma samples are shown in Fig. 4.
The instrumental linearity for the analytes was investigated in

he range of 0.3–3 ng and no curvature was detected.
To calculate the extraction efficiency a volumetric internal stan-

ard and single-point calibration with an external standard were
sed. The response curve within the investigated concentration
ange was linear for both internal standard and analytes.

. Results and discussion

.1. Aqueous samples

.1.1. Extraction procedure
The results of the experimental matrix with aqueous samples

Table 1) showed that the extraction efficiency for the studied
ompounds was highest with the lowest flow rate of the donor

−1
hase (50 �L min ), salt added to the donor phase, and the highest
ested temperature (50 ◦C). For practical reasons no higher tem-
eratures were tested, to avoid possible coagulation and clogging
f the membrane pores. Donor flow rates lower than 50 �L min−1

ere not tested, since short extraction times were desired. The

able 3
LM extraction efficiency for the tested dinitrophenols in aqueous standards.

esticide Day 1 Day 2 Day 3 Day 8

NP 73 (4) 71 (3) 73 (3) 76 (2)
NOC 89 (4) 79 (10) 85 (3) 95 (2)
inoseb 67 (10) 62 (4) 69 (5) 74 (6)
inoterb 62 (10) 65 (6) 72 (7) 81 (7)

oefficients of variation in % are shown within brackets, n = 3. The same membrane
as used in all extractions.
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Table 4
Plasma sample treatment, efficiency and R.S.D.

Method n DNP efficiency % (R.S.D.%) DNOC efficiency % (R.S.D.%) Dinoseb efficiency % (R.S.D.%) Dinoterb efficiency % (R.S.D.%)

1 3 3 (36) 9 (17) 2 (22) 2 (21)
2 3 14 (3) 23 (4) 14 (12) 25 (19)
3 3 16 (3) 25 (7) 19 (15) 36 (21)
4:1 1 23 36 24 44
4:2 1 23 36 24 45
5:1 1 29 37 24 55
5:2 1 27 38 24 56
6:1 1 25 34 29 66
6:2 1 25 35 22 48
7 3 46 (3) 58 (3) 30 (10) 33 (10)
8 3 84 (3) 83 (7) 70 (7) 79 (11)

See Table 2 for a key to the treatment methods. Method 1–7 ars SLM methods and method 8 classic LLE extraction. Samples 4–6 were made in duplicate (n = 2).

Table 5
Extraction efficiency and R.S.D.s obtained for different sample volumes, extraction times, concentrations and sample amounts, n = 3 (the membrane was used at least three
times).

Sample volume Extraction time
(min)

Amount injected
(ng)

DNP efficiency %
(R.S.D.%)

DNOC efficiency
% (R.S.D.%)

Dinoseb efficiency
% (R.S.D.%)

Dinoterb efficiency
% (R.S.D.%)
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00 �L loop 0.5 ng �L−1 4.5 50 44 (5
00 �L loop 0.1 ng �L−1 22.5 50 58 (7

ame set of parameters was subsequently used for all samples. After
min wash there were no detectable levels of the analytes in the
cceptor. However, a 9-min wash was applied in all experiments.
he total time required for an extraction cycle, including extrac-
ion, sample collection and wash, was 20 min at a donor flow rate
et to 50 �L min−1. In evaluating the system, we obtained a rela-
ively flat response surface indicative of sufficient robustness for
he method.

.1.2. Investigation of extraction efficiency, reproducibility,
urability and LOD

The extraction performance of the system, in terms of extraction
fficiency, reproducibility and durability of the membrane, was ini-
ially investigated for aqueous samples. The extraction efficiency
s defined as the number of moles of the analyte collected in the
cceptor phase, divided by the number of moles injected into the
ystem [1] and is thus dependent on both the fraction of free ionised
nalyte in the acceptor phase and the recovery of the extraction.
owever, in this study the efficiency was considered rather than

he enrichment factor.
In previous studies a similar, but larger extractor (the so-called

T-extractor), was used for 30 extractions with no significant
eduction in efficiency [15]. Similarly, our investigations of the
xtraction reproducibility for the miniaturized device used in the
resent study, showed that the same liquid membrane could be
sed for several days with no loss of efficiency (Table 3). The results
lso show that, although the compounds have widely varying log
values (as listed in Table 1), the extraction efficiency was only

lightly lower for Dinoseb and Dinoterb, the most lipophilic com-
ounds, than for the other compounds.

The method limit of detection (LOD) of the analytical proce-
ure, including the extraction and LC/ESI-MS, was determined for
ach of the analytes in aqueous samples, using a S/N ratio of 3, and

ound to range between 0.02 and 0.03 �g mL−1. Although quite low
nrichment factors can be achieved with the current SLM device,
he LODs achieved are 50-fold lower than the exposure limit for
NOC in whole blood, which is set to 1 �g mL−1 [19]. Blood lev-
ls above 20 �g mL−1 may give symptoms of poisoning [19]. In all
ases, carry-over was below LOD.

l

4

n

64 (4) 32 (6) 36 (6)
71 (7) 40 (9) 43 (8)

.2. Plasma samples

.2.1. Effect of sample pre-treatment and sample volume on
xtraction efficiency

The extraction efficiency was investigated for plasma samples
re-treated in different ways prior to SLM extraction (see Table 2
or details). The efficiency was compared with that obtained for
lassic liquid–liquid–extraction, which yielded values between 70
nd 84%, as shown in Table 4. The rather high efficiency implies
hat interactions between the analytes and plasma proteins are not
major problem. For SLM extractions, method 7 was found to yield

he best efficiency (see Table 4). This method involves denaturation
f plasma proteins by addition of isopropanol and adjustment of pH
o 1 with sulphuric acid. A lower pH is to be preferred, most likely to
eutralise as many analytes as possible in the donor phase, rather
han disrupting interactions with proteins. Addition of isopropanol
as advantageous, instead of pure water or formic acid. This may be

xplained by a higher diffusion rate in a sample with more organic
olvent, and is probably not due to the denaturation effect itself. The
ower efficiency obtained for plasma samples compared to spiked
queous samples (Table 3) may also be due to the higher viscosity
f the former.

Method 7 also gave the best repeatability, with R.S.D.s ≤ 10% for
ll of the analytes. Carry-over was below LOD. Method 7 was chosen
or all subsequent experiments.

Two different sample volumes (same amount of analytes), in
erms of different injection loops, were compared since this deter-

ines the duration time of the sample in the extractor. The results
re presented in Table 5. A 5-fold increase of the sample volume,
nd thus the extraction time of the sample plug in the extractor,
nly slightly improved the efficiency. This further indicates that
he most important parameter limiting the efficiency is the dif-
usion in the sample, and not in the organic liquid membrane. In
ll cases the repeatability was high, with R.S.D. values of 10% or
ower.
. Conclusions

The described inexpensive and simple set-up provides a conve-
ient means for the liquid–liquid extraction of weak acids such as
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hose tested in samples with small volumes. The principle is the
ame, with comparable recoveries and repeatability as with the
FLPME methods published so far. However, the design is different
ith a reusable membrane and this study indicates that the system

hould be well suited for on-line coupling, since carry-over was in
ll experiments below detection limits. The presented device pro-
ides scope to minimize manual handling, solvent consumption as
ell as sample volume. In addition, there were no problems with
rotein clogging and the system can be used across large pH and
emperature ranges, since none of the parts are very pH or temper-
ture sensitive. The robustness of the system was high when tested
n aqueous standards, using the same membrane during several
ays. However, the robustness with plasma has to be further inves-
igated, although extraction of plasma samples could be performed
n at least triplicates without loss of performance.

It was found to be beneficial for the extraction efficiency to dilute
he plasma samples, most likely due to a decrease in viscosity. The
H level in the donor phase was also important. Acceptable efficien-
ies and high repeatability were achieved after a 20-min extraction
ycle for plasma samples diluted with isopropanol and adjusted
o pH 1. If increased extraction efficiency is desired, the extraction
ime should be prolonged by decreasing the flow rate.

For some applications, it may be desirable to extract smaller
ample volumes than those handled in this work. This may require
ower flow rates to achieve comparable efficiencies.
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a b s t r a c t

This paper describes an improved method for the extraction and analysis of seven endocrine disrupting
chemicals with wide-ranging polarities from water and sediments using gas chromatography–tandem
mass spectrometry (GC–MS/MS). The analytes were 4-tert-octylphenol, 4-nonylphenol, bisphenol A,
estrone, 17�-estradiol, 17�-ethynylestradiol and 16�-hydroxyestrone. The optimised GC–MS/MS method
produces increased selectivity and sensitivity compared to GC–MS, with limit of detection ranging from
0.01 to 0.49 ng L−1 in water and from 0.05 to 0.14 ng g−1 in sediment. Extraction from aqueous samples was
performed by solid-phase extraction (SPE) and from sediment samples by microwave-assisted extraction
(MAE). The improved method for the clean-up of sediment extracts carried out by SPE enhanced EDC
recovery (86–102%) while reducing matrix interference and sample drying time. Derivatisation of final
sample extracts was achieved using N,O-bis(trimethylsilyl)trifluoroacetamide and pyridine, and their sta-
Microwave-assisted extraction
Gas chromatography–tandem mass
spectrometry

bility was enhanced by reconstituting the derivatised extracts with hexane. The method was validated
by spiking experiments which showed good recovery and reproducibility. The method was applied to
samples taken from the Medway estuary in Kent, UK, where non-conservative behaviour of EDCs was
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. Introduction

Endocrine disrupting chemicals (EDCs) are of worldwide con-
ern due to their observed effects on the reproductive systems
n fish [1,2], other wildlife and possibly even human [3,4]. They
re able to do this by blocking or mimicking the normal effect of
ormones, affecting their synthesis or metabolism, and changing
ormone receptor levels. Chemicals that show endocrine disrupt-

ng properties come from a range of chemical groups that are both
atural and synthetic in origin. Natural EDCs include estrone (E1),
7�-estradiol (E2) and 16�-hydroxyestrone (HE1). These steroidal
ormones are excreted by both humans and livestock and are
eposited into river systems via sewage treatment works (STW)
utfall [5,6] and run-off from agricultural land [7]. The most potent
an-made EDC is 17�-ethynylestradiol (EE2) which is a synthetic

ormone used in female contraceptive pills. In addition, impor-
ant EDCs include 4-tert-octyphenol (OP), 4-nonylphenol (NP) and

isphenol A (BPA), all of which are used in household products
uch as detergents, industrial processes and in the production of
lastics. These chemicals are generally found in the ng L−1 range in
he aquatic environment [8–10] but even at these low levels estro-
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enic effects, such as feminisation and vitellogenin production have
een observed in male fish [11]. Phenolic and steroidal EDCs also
ave the potential to adsorb onto sediments and colloids [12–14].
rom these sinks they have the potential to bioaccumulate in, and
ause endocrine disruptions to, benthic invertebrates and enter the
ood chain. It is therefore essential that methods are developed that
an simultaneously extract and accurately quantify large groups of
hese chemicals from complex environmental samples.

The determination of these and other estrogenic compounds in
he sediments of river courses is a necessary step towards assessing
heir potential risk to biota. There are, however, severe difficulties
ssociated with extracting and determining trace level steroidal
nd phenolic compounds from a complex matrix such as sediments.
xtracted sediment samples from rivers typically have a high load-
ng of natural organic matter (NOM) such as humic substances
nd pigments. An inefficient clean-up stage will allow these prod-
cts and other contaminants to pass into the final sample extracts.
ur earlier work [15] showed that NOM made it difficult to dry

ample extracts during the derivatisation procedure, and caused
ver-loading of the capillary column and severe interferences in

ompound identification and quantitation. An efficient clean-up
f the samples is therefore an important requisite of the extrac-
ion procedure. This step has traditionally been carried out using
on-deactivated silica gel columns [16,17] and deactivated neu-
ral alumina columns [18] which are time consuming to prepare,
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ifficult to clean after use and not always successful in purifying
ery complex extracts. Solid-phase extraction (SPE) cartridges (e.g.,
iChrolut) have also been used for clean-up for the determination
f NP [19] and BPA [20] although they only focused on NPs and
hthalate esters. Other methods used to clean up sediment samples

nclude high performance liquid chromatography (HPLC) [8] and an
C–LC column switching system [21] although they are complicated
nd expensive to set up.

Extraction of phenolic and steroidal EDCs from sediments has
een accomplished using various methods including acid diges-
ion [22], liquid extraction [16] and Soxhlet extraction [13], and

ore recently microwave-assisted extraction (MAE) [17]. The MAE
ethod has the benefits of low solvent volume, reduced extrac-

ion time, complete decomposition of organic matter, and multiple
ample extractions. However, the presence of small particles and
OM in sample extracts from MAE should be removed as com-
letely as possible to achieve a satisfactory separation and prevent

alse positive signals, a key objective to be achieved in this work.
Previously, gas chromatography–mass spectrometry (GC–MS),

C–MS and LC–tandem MS have been used for the analysis of these
ompounds [13,23–28]. In comparison GC–tandem MS is a more
elective analytical method that can prevent false positive iden-
ification and should deliver lower detection limits. An additional
bjective of this work was to further develop methods for the simul-
aneous separation and determination of a wide group of EDCs from
iver water and sediment that gave good recovery and reproducibil-
ty and also lower detection limits than GC–MS. The methods were
hen used to determine the environmental levels of EDCs in river
ater and sediment samples from the River Medway, a major river

n Kent and Sussex, UK, which has not been studied for EDCs, yet
ich in wildlife.

. Experimental

.1. Chemicals and standard solutions

All of the solvents used in this work including methanol,
thyl acetate, pyridine and dichloromethane were of distilled-
n-glass grade and were purchased from Rathburn, UK. Stan-
ards of OP, NP, BPA, E1, E2, EE2 and HE1, two internal
tandards (BPA-d16, and E2-d2) and the derivatisation agent
,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% of

rimethylchlorosilane, were all purchased from Sigma–Aldrich,
orset, UK.

Separate stock solutions of individual compounds were made up
t a concentration of 1000 mg L−1 in methanol and from these work-
ng standards of 10 mg L−1 were created. A separate solution of the
wo internal standards was also prepared at 10 mg L−1 in methanol.
ll of the solutions were stored in the dark at −18 ◦C. Ultra-pure
ater was supplied from a Maxima HPLC/LS water purification

ystem (USF Elga, UK).

.2. Aqueous sample preparation

Aqueous samples (2.5 L) were taken from below the surface
icro-layer in pre-cleaned, glass bottles and preserved by adding
mL L−1 of 2 M sodium azide as a broad spectrum biocide. The

amples were filtered within 24 h through pre-ashed (400 ◦C for
h) Whatman GF/F filter papers (0.7 �m pore size), using a Büch-

er apparatus, before 100 ng of internal standards were added by a
icro-syringe.
Waters Oasis HLB (hydrophilic–lipophillic–balanced) SPE car-

ridges (200 mg), with a 6-mL sample reservoir, were held in place
n a 12-port Visiprep vacuum manifold (Supelco, USA) and con-

2

i
a

7 (2009) 1315–1321

itioned prior to use by passing through 5 mL of ethyl acetate to
emove residual bonding, followed by 10 mL of methanol, which
as drawn through under very low vacuum to ensure thorough

oaking of the sorbent for 5 min. The cartridges were then washed
ith 3× 5 mL of ultra-pure water at 1–2 mL min−1. Between con-
itioning and sample extraction the cartridges were kept wet with
ltra-pure water. The samples were then drawn through the SPE
olumn at <20 mL min−1, which is three times faster than that used
n our earlier methods [25,29].

Following extraction, the cartridges were dried thoroughly
nder vacuum for at least 30 min before the bound chemicals were
luted by gravity into glass sample bottles (PerkinElmer, UK) using
5 mL of ethyl acetate. The extracts were then reduced in volume
o 0.5 mL using a gentle N2 stream before being transferred by Pas-
eur pipette to 3 mL reaction vials along with three rinses of ethyl
cetate. These were again concentrated by N2 to 0.5 mL and stored
t 4 ◦C until derivatisation.

.3. Derivatisation

The extracts were first completely dried under a gentle stream
f N2, to which 50 �L each of BSTFA and pyridine (dried with KOH
olid) were added before being mixed by percussion. The samples
ere then allowed to react on a heating block for 30 min at 60–70 ◦C,

eft to cool to room temperature, dried again with N2, before finally
eing reconstituted with 100 �L of hexane. Following derivatisa-
ion, the samples were transferred by Pasteur pipette into GC vials
ith a 300 �L fused insert (Anachem, UK) before 1 �L was injected

y auto-sampler for GC–MS/MS analysis.

.4. Sediment sample preparation

The sediment samples were taken with a stainless-steel Van
een grab. Upon collection, the top oxic fraction of the samples
ere removed and transferred into pre-cleaned glass jars by a

olvent rinsed stainless steel spoon. The samples were frozen on
eturn to the laboratory before being freeze-dried (Heto Powerdry
L3000) for 4 d. After lyophilisation the samples were ground
nd sieved to <500 �m and then stored in the dark in the origi-
al glass jars at room temperature until extraction. Dried samples
3 g) were transferred into glass, Teflon lined, extraction vessels and
piked with 100 ng of internal standards. The samples were then left
or at least 1 h to allow sorption processes to occur, as in nature.
o all the samples methanol (25 mL) and 2 g of copper granules
Sigma–Aldrich) were added before MAE.

.5. MAE

Sediments were extracted using microwave, similar to our
arlier approach [16]. The vessels were put into the MARS-X Labo-
atory Microwave Accelerated Extraction system (CEM Corp., USA)
nd heated to 110 ◦C for 15 min, with a 7-min ramp, at 200 psi.
fter cooling to room temperature for 1 h, the supernatants were
ecanted into 250 mL round bottomed flasks along with 3× 15 mL
ample rinses of methanol. With each rinse addition, the samples
ere stirred thoroughly and allowed to settle before decanting. The

ombined supernatants were reduced in volume to 1 mL using a
üchi Rotavapor R-205 rotary evaporator. The water bath was set
t 40 ◦C and the sample flask was spun at 50 rpm.
.6. Sediment clean-up

An improved clean-up process was used in this work by decant-
ng the sediment extracts (1 mL) into 500 mL of ultra-pure water
long with 3× 10 mL ultra-pure water rinses. The EDCs in the
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Fig. 1. Full scan of the target compou

xtracts were dissolved back into an aqueous solution while allow-
ng particles such as silt and sand to sink to the bottom. The aqueous
amples were then extracted by SPE through Waters Oasis HLB SPE
artridges, as explained earlier. This procedure effectively removed
ost extraneous material and left the final extract clear in colour.

he analytes were subsequently eluted from the SPE cartridges and
repared for analysis exactly as previously outlined for water sam-
les.

.7. GC–MS/MS analyses

GC–MS/MS analysis was performed using a 6890N network gas
hromatograph (Agilent Technologies, USA) interfaced with a tan-
em quadrupole mass spectrometer (Quattro Micro, Micromass,
SA). An Agilent HP-5 capillary column (30 m) with a 0.25-mm

nternal diameter and a 0.25-�m film thickness was used. The
arrier gas was helium was maintained at a constant flow rate
f 1.0 mL min−1. The GC column temperature was programmed
rom 100 (initial equilibrium time 1 min) to 200 ◦C via a ramp of
0 ◦C min−1, 200–260 ◦C via a ramp of 15 ◦C min−1, 260–300 ◦C via
ramp of 3 ◦C min−1 and maintained at 300 ◦C for 2 min.

The MS was by positive electron impact ionisation and was
perated in full scan mode from m/z 50 to 600 for qualitative anal-
sis (Fig. 1). For quantitative analysis, multiple reaction monitoring

MRM) mode was used (Fig. 2). The inlet and MS transfer line
emperatures were maintained at 280 ◦C and the ion source tem-
erature was 250 ◦C. Sample injection (1 �L) was in splitless mode.
he electron impact energy used was 70 eV. The collision gas used
as argon. Precursor and product ions are shown in Table 1.

s
d
t
F
d

nd internal standards in GC–MS/MS.

.8. Validation of the method

The linear concentration range of the GC–MS/MS analytical
echnique was examined by a series of 1 �L injections of the target
ompounds with 11 different concentrations (0.01, 0.05, 0.1, 0.5, 1,
, 5, 10, 20, 50 and 100 ng �L−1) for each compound, with three
eplicates per concentration. The linear range for all compounds
as found to be between 0.01 and 5 ng �L−1, with the correlation

oefficients varying between 0.95 and 0.99. The reproducibility was
lso good, as the relative standard deviation of all replicate analyses
as within 20%.

. Results and discussion

.1. Mass spectra of the sylilated EDCs

The TMS+ ion (m/z 73) was found in the spectra for all of the com-
ounds investigated. Wherever possible, the molecular ion of the
ilylated derivative was chosen as the parent ion for the compound.
n the case of OP the parent ion chosen was m/z 280 (M+1)+ which
t the loss of two methyl groups gave the daughter ion m/z 249. The
onfirmation ion m/z 265 (M−15)+ was a slightly less intense peak
hat corresponded to the loss of one methyl group. Previous GC–MS

tudies have used the ion m/z 207 for quantification of OP [17,25] but
uring this work it was found that this ion is a common fragment
o all of the compounds under investigation and so it was avoided.
or NP, the molecular ion at m/z 292 was used as the parent and the
aughter ion at m/z 179 can be attributed to the loss of C8H17. BPA
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Fig. 2. Chromatograms of the extracted a

gain made use of the molecular ion m/z 374 as the parent ion, with
he stable fragment m/z 358 corresponding to the loss of one oxy-

en as the daughter. Confirmation ions were provided by the loss
f a methyl group (m/z 359) and the loss of an OH group (m/z 357).
or E1, the molecular ion of the mono-TMS derivative (m/z 342) was
sed as the parent ion with m/z 257 (M−85)+ as the quantitative

able 1
C–MS/MS parameters for the target EDCs

ompound Retention
time (min)

Molecular
mass

Precursor ion
(m/z)

Product ion
(m/z)

P 9.64 206 280 249
P 12.46 220 292 179
PA 14.60 228 374 358
PA-d16 14.65 244 386 368
1 18.15 270 342 257
2 18.30 272 416 285
E2 19.49 296 425 193
E1 19.68 286 286 228
2-d2 18.30 274 418 286
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erlapped MRM of the target compounds.

aughter. The confirmation was supplied by m/z 205 (M−37)+. In
he case of E2, the di-TMS derivative was formed as evidenced by
he molecular ion at m/z 416. This parent ion fragmented to give the
aughter ion m/z 285. For EE2 the transition used was m/z 425 > m/z
93 with confirmation by m/z 231. This transition was also used by
ernes et al. [5] who found that the effect of the co-elution of EE2,
ossibly from humic substances [16,17], could be avoided with this
ransition. This example of the specificity of GC–MS/MS shows that
he method has reduced probability of giving rise to false positives
ue to its increased selectivity. Finally, HE1 was quantified using the
arent ion m/z 286, which corresponds to the unsilylated molecular

on of the compound, with the daughter m/z 228. Good determina-
ion and separation was achieved by this method when the seven
ompounds and two internal standards were analysed as a mixture
Fig. 2).
To determine the optimum collision energy used by the
C–MS/MS for fragmentation, a standard containing all seven com-
ounds and internal standards was analysed by GC–MS/MS using
ifferent collision energy from 5 to 30 eV. The collision energy for
he individual compounds that gave the peak with the largest area
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Table 2
Recovery of the target EDCs from river water: pH 7.9, salinity = 0‰

Spiked level (ng L−1) OP NP BPA E1 E2 EE2 HE1

50 65 ± 5 109 ± 8 100 ± 1 89 ± 8 106 ± 3 99 ± 4 91 ± 7
100 99 ± 28 77 ± 6 96 ± 4 72 ± 5 79 ± 4 99 ± 8 113 ± 2
200 82 ± 22 78 ± 14 112 ± 3 119 ± 11 94 ± 2 75 ± 1 116 ± 12

Table 3
Mean recovery (±S.D.) of the EDCs during clean up of sample extracts by silica gel and SPE method

OP NP BPA E1 E2 EE2 HE1

SPE clean-up (%) 94 ± 4 102 ± 4 100 ± 7 90 ± 1 102 ± 16 86 ± 1 99 ± 20
Silica gel clean-up (%) 86 ± 8 114 ± 2 56 ± 6 60 ± 8 92 ± 2 132 ± 7 50 ± 13
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Table 4
Inter- and intra-day repeatability of RRF

RRF Intra-day (n = 6) Inter-day (n = 4)

Mean S.D. R.S.D. Mean S.D. R.S.D.

OP 0.18 0.02 11.10 0.20 0.04 20.00
NP 0.38 0.03 7.89 0.40 0.07 17.5
BPA 0.82 0.01 1.23 0.88 0.01 1.22
E1 0.63 0.05 7.94 0.62 0.04 6.45
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ig. 3. Optimisation of the collision energy for MRM in GC–MS/MS. Error
ar = standard deviation.

as chosen as the optimum (Fig. 3). It was found that the collision
nergy of 10 eV was the optimum for NP, BPA, E2, EE2 and HE1,
hile the collision energy of 20 eV was optimum for OP and E1.

.2. Recovery from water and sediment samples

Recovery experiments were carried out by spiking 1 L river water
amples with a known amount of the standard mixture (50, 100
nd 200 ng L−1). Unspiked sub-samples were also extracted and
nalysed so that background levels of the analytes could be sub-
racted from those found in the spiked samples. Good recoveries

ere obtained ranging from 65 to 119% (Table 2). In comparison

o our earlier method [25], the recovery for NP has been clearly
mproved.

Freeze dried sediment samples from the River Ouse, Sussex,
K, that were known to have a very high NOM content and previ-

i
o
i
a
c

able 5
imit of detection and limit of quantification for the target EDCs

ompound LOD in water (ng L−1) LOQ in water (ng L−1) LOD in sed

This work [25] This work [25] This work

P 0.10 2.6 0.32 8.5 0.14
P 0.01 0.8 0.04 2.6 0.08
PA 0.49 5.3 1.63 17.4 0.13
1 0.25 1.7 0.84 5.6 0.05
2 0.28 3.4 0.95 11.2 0.06
E2 0.27 0.8 0.90 2.6 0.14
E1 0.22 0.3 0.72 1.0 0.05
2 0.41 0.07 17.07 0.46 0.05 10.87
E2 0.25 0.04 16.00 0.25 0.01 4.00
E1 0.26 0.01 3.85 0.30 0.01 3.33

usly given poor recovery results, were spiked with EDCs (100 ng),
xtracted and then purified using both the SPE and silica gel meth-
ds. As shown in Table 3, improved recoveries (86–102%) were
btained by the SPE method in comparison to the silica gel method.

.3. Quality assurance

To assess the repeatability of the method and to examine the
tability of derivatised EDCs, derivatised EDC standards and internal
tandards at 1 ng �L−1 were analysed consecutively by GC–MS/MS
ver the next 6 h, as well as daily for 4 d. As shown in Table 4, the
elative response factor (RRF) for the EDC derivatives was highly
table over the 4 d period, which is a major improvement compared
o our earlier method [25]. Slightly better stability was found within
he same d.

The limit of detection (LOD) is the lowest concentration that can
e measured with specified certainty. It is calculated as three times
he standard deviation, at zero concentration, of a blank sample in
0 independent performances. As shown in Table 5, the LOD val-
es ranged from 0.01 to 0.49 ng L−1 in water, and 0.05 to 0.14 ng g−1
n sediments, which are an improvement from our earlier meth-
ds [17,25]. Similarly the limit of quantification (LOQ) was also
mproved. In addition, the LOD values are comparable to those
chieved by LC–tandem MS [28]. Throughout the work analysis was
onducted in the linear range of the method.

iment (ng g−1) LOQ in sediment (ng g−1) Linear range (ng �L−1)

[17] This work [17]

0.5 0.47 1.7 0.01−5
0.5 0.27 1.7 0.01−5
1.0 0.44 3.4 0.01−5
0.3 0.17 0.9 0.01−5
0.3 0.21 0.9 0.01−5
0.4 0.47 1.4 0.01−5
0.2 0.17 0.5 0.01−5
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Fig. 4. The Medway estuary, Kent, UK show
.4. Application of the methods to environmental samples

As shown in Fig. 4, the River Medway in Kent, UK was sam-
led from eight stations between the tidal limit at Allington Lock
51◦17′44.36′′N, 0◦30′18.81′′E) and the estuary at Gillingham pier

(
T
b
H
s

ites of sampling for water and sediments.
51◦23′56.02′′ N, 0◦33′19.92′′ E) in May, August and November 2005.
his section of the river was chosen for sampling because it had not
een studied for EDCs before and also had four STW (Aylesford,
am Hill, Halling and Cuxton) that are sources of EDC inputs, with

everal more STW further down in the estuary. The Medway in this
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ig. 5. Salinity profiles of BPA and E1 in the Medway estuary, UK, in August 2005:
TDL) theoretical dilution line. Error bar = standard deviation.

ection is free of major industries apart from two large paper mills
nd some small industrial companies at New Hythe and Snodland.
he largest conurbation is at Rochester, while the rest of the estuary
s bordered by marshes, fields and small villages.

The levels for EDCs found in the water samples from the River
edway are in accordance with those detected from other rivers

nd streams with indications that the contamination are derived
rom STW along the river [30,31]. OP and BPA were found at their
ighest levels (37.6 and 69.3 ng L−1, respectively) in May at New
ythe. These chemicals were found at levels above the LOD in
very sample. The other analytes that were detected in all sam-
les were E1 (0.6–14.3 ng L−1) and E2 (3.1–21.4 ng L−1). In contrast,
E2 was only found in one sample taken from Gillingham Pier in
ay (1.5 ng L−1). NP (LOD–4.4 ng L−1) was found in two-thirds of the

amples, with the highest level being found at Cuxton in November.
E1 was found at its highest level (5.8 ng L−1) at Aylesford Bridge

n August which was about twice the level found at the same sta-
ion in May (2.4 ng L−1). These results are quite possibly associated
ith the STW at Aylesford. The only other high level found for HE1
as from Cuxton where there is also a STW with an outfall into the

iver.
In sediments, contamination was also widespread by OP

4.7–31.3 ng g−1), BPA (7.7–56.1 ng g−1), E1 (<LOD–5.8 ng g−1) and
2 (<LOD–11.2 ng g−1) along the entire section of river. NP
evels were found to be between < LOD (in 11 of the 24
amples)–11.0 ng g−1 at Allington lock in November. EE2 was not
ound above LOD in any of the samples. Finally HE1 levels were in
he range <LOD–5.0 ng g−1 with contamination only being found
n five of the samples and the two highest levels found at Cuxton,
lose to STW.

The plots of EDC concentrations in water against salinity showed
hat the concentrations of both BPA and E1 decreased with an
ncrease in salinity, suggesting river Medway as a key source of
DCs to the estuary (Fig. 5). In addition, the concentrations of BPA
nd E1 at different salinities all fell below the theoretical dilution

ine (TDL), indicating that these two compounds had been removed
ue to potential sorption to sediments and biodegradation, and
herefore behaved non-conservatively. The findings highlight the
otential of estuarine mixing zone as a sink for EDCs, which may
ecome a secondary source in future.

[
[

[

7 (2009) 1315–1321 1321

. Conclusions

In this work a trace analytical method was developed for the
etermination of seven potent EDCs in water and sediments, based
n SPE and MAE followed by GC–MS/MS. The method was opti-
ised for collision energy and provides increased selectivity and

ensitivity with a lower limit of detection than earlier meth-
ds based on GC–MS. Improved clean-up procedure has removed
atrix interferences and increased recovery in sediment samples.

he derivatisation technique has been shown to have improved
he stability of EDC derivatives over a period of 4 d with good
epeatability. The method has been successfully used to determine
he concentrations of the target EDCs in water and sediment sam-
les from the Medway estuary during 2005, which are broadly in
greement with levels of EDCs in other rivers and estuaries. The
alinity profile of EDCs demonstrates a non-conservative behaviour,
onsistent with their sorption to sediments and degradation by
icrobes.
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Formaldehyde has been detected in drinking water supplies across the globe and on board NASA space-
craft. A rapid, simple, microgravity-compatible technique for measuring this contaminant in water
supplies using colorimetric-solid phase extraction (C-SPE) is described. This method involves collecting
a water sample into a syringe by passage through a cartridge that contains sodium hydroxide, to adjust
pH, and Purpald, which is a well-established colorimetric reagent for aldehydes. After completing the
reaction in the syringe by agitating for 2 min on a shaker at 400 rpm, the 1.0-mL alkaline sample is passed
through an extraction disk that retains the purple product. The amount of concentrated product is then
measured on-disk using diffuse reflectance spectroscopy, and compared to a calibration plot generated
Colorimetric-solid phase extraction (C-SPE)

Formaldehyde
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from Kubelka–Munk transformations of the reflectance data at 700 nm to determine the formaldehyde
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. Introduction

Formaldehyde can enter drinking water supplies by the oxida-
ion of natural organic (humic) matter during water treatment [1,2],
r by leaching from polyacetal plastic fittings if the protective coat-
ng is breached [3]. Since chronic exposure by ingestion leads to
dverse gastrointestinal effects, the EPA has set health advisory
evels for formaldehyde in drinking water for a 1-day exposure at
0 ppm, or a 1 ppm lifetime exposure [4]. Moreover, trace levels
f this hazardous compound have recently been detected in sev-
ral water samples collected on International Space Station (ISS)
5]. Two major sources of formaldehyde on ISS have been identi-
ed: (1) off-gassing of polymeric materials, and (2) by-products
f metabolic processes. Once present in the spacecraft cabin air,
ormaldehyde can contaminate drinking water through humidity
ondensate, which has been found to contain up to 9 ppm formalde-
yde [6]. To safeguard crew health, NASA has set spacecraft water
xposure guidelines that limit formaldehyde concentrations to

0 ppm for a 1–10 day exposure and 12 ppm for a 100–1000 day
ission [6].
The quality of spacecraft drinking water is currently evaluated

sing samples collected on ISS and returned to Earth. This pro-
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apable of determining formaldehyde concentrations from 0.08 to 20 ppm
s than 3 min using only 1-mL samples.

© 2008 Elsevier B.V. All rights reserved.

ess often results in a gap of several months between sample
ollection and analysis, which raises sample degradation issues
nd prevents the timely implementation of correction scenarios.
hese factors underscore the need for rapid, on-board methods
or monitoring trace levels of critical components in spacecraft
rinking water supplies. Furthermore, these methods must have
ufficient selectivity and sensitivity to measure analytes at low
oncentrations, be user-friendly, small, and lightweight, and be
apable of operation in microgravity. As recent reports from our
aboratory have shown [7–12], colorimetric-solid phase extrac-
ion (C-SPE) has demonstrated the ability to meet many of these
equirements.

Colorimetric-solid phase extraction is a novel sorption-
pectrophotometric technique that combines colorimetric chem-
stry with SPE to determine analyte concentration by measuring
he color change of single-use SPE membranes. Notably, the use
f reagents that have either been impregnated in the extraction
embrane or immobilized using inert media (i.e., filter paper)

liminates the need to handle solvents and chemicals during
ample workup. Thus, C-SPE functions in a “reagentless” format,
inimizing exposure to hazardous materials. A hand-held dif-

use reflectance spectrophotometer is used to rapidly quantify
embrane-bound analytes using the Kubelka–Munk (KM) function
13,14]. The complete procedure typically requires only 1–2 min.
ssessments of the performance of these methods in C-9 micro-
ravity flight simulations [8,10,15] have recently shown excellent
greement with concurrent ground-based analyses of the space-
raft biocides iodine and silver(I) [16]. Due to the success of these
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nitial tests, NASA plans to launch C-SPE in the first quarter of 2009
or a 6-month performance test on ISS.

This work extends the scope of C-SPE by demonstrating, for
he first time, the measurement of an organic compound in
ater. Specifically, we have developed a method that is capable of
onitoring formaldehyde concentrations from 0.08 to 20 ppm in

queous samples using Purpald [17–23] as the colorimetric reagent,
hich has been shown to be both extremely sensitive and specific

18,24]. In addition, Purpald reacts at room temperature and is
table, making it an attractive alternative to both chromotropic
cid, which requires heat, and dinitrophenylhydrazine, which is an
xplosion hazard [25,26]. As described by Dickinson and Jacobsen
21], Purpald combines with formaldehyde in alkaline solution
o form a colorless intermediate that is oxidized by ambient
xygen to form an intensely purple tetrazine, which serves as the
olorimetric product.

Commercially available formaldehyde test kits that use Pur-
ald suffer from several disadvantages when compared with the
ethod reported herein. First and foremost, all these tests kits lack

ompatibility with operation in microgravity, which is paramount
o NASA missions. These kits, including those manufactured by

erck under the names Spectroquant, Aquamerck, Reflectoquant,
nd Merckoquant, would have to be extensively modified for in-
ight water quality monitoring. Also, the added hazards and costs
ssociated with the transport and storage of the concentrated
odium hydroxide solution is a significant drawback to carrying
uch kits on shuttle missions. Finally, most of these kits are only
emi-quantitative and, as such, are unable to accurately determine
ormaldehyde concentrations in NASA’s target range for potable
ater.

This paper details the development of a C-SPE method that uses
urpald and sodium hydroxide; both immobilized within a filter
older that serves as a reagent cartridge. Procedurally, a water sam-
le is loaded into a 3-mL syringe by passage through the reagent
artridge. Air (∼1 mL) that occupies the dead volume of the car-
ridge is also drawn into the syringe, providing oxygen for the
equired oxidation. The sample is then agitated on a shaker for
nly ∼2 min. This approach yielded a method capable of detecting
ormaldehyde from 0.08 to 20 ppm within ∼3 min. The developed

ethod is not only applicable to NASA’s water quality monitoring
eeds, but is more user-friendly, provides improved quantitation
ith a lower detection limit, and requires smaller samples when

ompared to existing test kits for monitoring formaldehyde in
arth-bound applications.

. Experimental

.1. Reagents and chemicals

All solutions were prepared daily with deionized water that was
urified by a Millipore Milli-Q water purification system. Solutions
ith formaldehyde concentrations up to 20 ppm were prepared

n Nalgene bottles by diluting the appropriate mass of a formalin
olution (37% (wt) formaldehyde, Sigma–Aldrich) with deionized
ater.

.1.1. Extraction cartridges
EmporeTM Anion Exchange-SR 47-mm extraction membranes
3 M) were used as received to collect the colorimetric complex.
he membranes were cut into 13-mm disks to fit into Swin-
ex polypropylene filter holders (Fisher), and placed on top of
he support screen located in the bottom portion of the holder.
he holder was then assembled by sealing against a silicone
asket.

u
o
s
s

(2009) 1405–1408

.1.2. Reagent cartridges
A 2.0-mL aliquot of 6.0 M NaOH was poured over a 45-mm diam-

ter Millipore Media Pad (Fisher) that was placed in a 50-mm glass
etri dish. Once saturated with liquid, the pad was cut into 10-mm
isks and dried gently on a hot plate for ∼12 h. When dry, each
isk was mounted in place of the support screen in the bottom of
Swinnex holder.

Purpald confinement was accomplished by loading a 13-mm
iameter disk, cut from Whatman #1 filter paper, into the top por-
ion of a Swinnex holder (with gasket) and placing 6 mg of the
eagent onto the center of the disk. A second filter paper disk
as used to cover the reagent and the top and bottom (contain-

ng the NaOH disk) portions of the holder were then mated. This
tep secured the reagent between the two filter paper disks.

.2. Instrumentation and software

Sample agitation experiments were carried out using an NBS
odel C24 benchtop shaker. A BYK-Gardner color-guide sphere

d/8◦) diffuse reflectance spectrophotometer (Model LCB-6830)
as employed to measure the diffuse reflectance spectra (DRS) of

he disks after extraction of the colored product. This hand-held
pectrophotometer is small, lightweight, battery-operated, and can
cquire reflectance data in under 2 s over the visible spectral range
400–700 nm) at 20-nm intervals [10]. Once collected, the DRS
re downloaded to a personal computer and analyzed using BYK-
ardner QC-Link software that was modified in-house to calculate

he Kubelka–Munk function (F(R)) [12]. The KM function is given
y F(R) = (1 − R)2/2R, where R is the diffuse reflectance of the sam-
le relative to a reflectance standard. Note that F(R) is directly
elated to the concentration of the complex in the membrane, C,
y F(R) = 2.303εC/s, where ε is the molar absorptivity of the col-
rimetric product and s is the scattering coefficient of the sample
urface. The solution concentration of the analyte is determined
y means of a calibration plot of F(R) at a given wavelength versus
nalyte concentration.

.3. Experimental procedures

The reagent cartridges are connected to 3-mL Luer Lock
olypropylene syringes and aqueous solutions of formaldehyde are
rawn into the syringes through the cartridges. During collection,
he liquid sample first passes through the NaOH disk, which raises
he pH above 10, facilitating the dissolution of the immobilized Pur-
ald. In addition to the liquid sample, the air (∼1 mL) that occupies
he dead volume of the holder is drawn into the syringe, provid-
ng a source of oxygen for formation of the purple product. When
lled, the 3-mL syringes contain ∼1 mL of air and ∼2 mL of sam-
le solution. Immediately after sample collection, the syringes are
apped and placed on a shaker with a maximum speed of 400 rpm.
fter agitating (see below) the sample in the syringe for 2 min total,

he air and excess liquid are expelled and the remaining 1.0-mL
eacted sample is forced through the extraction cartridge. Finally,
he membrane is dried by passage of ∼60 mL of air, the holder is
isassembled, and the spectrum of the disk is acquired.

. Results and discussion

.1. Method development and calibration
Though literature reports the absorbance maximum of the prod-
ct in solution at 549 nm [27], the minimum reflectance for the
n-membrane analysis occurs at ∼560 nm. Fig. 1 shows reflectance
pectra acquired using the BYK-Gardner spectrophotometer for a
eries of formaldehyde concentrations. We found that the colored
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ig. 1. Diffuse reflectance measurements using C-SPE to analyze solutions contain-
ng up to 20 ppm formaldehyde after reacting for 2 min on the shaker.

roduct is so intensely absorbing that solutions with formalde-
yde concentrations above ∼5 ppm cannot be readily distinguished
t 560 nm. An examination of the response at each wavelength
evealed that 700 nm was the most effective analytical wavelength;
hat is, the calibration plot of F(R) vs. concentration at 700 nm
xhibited the most linear profile. Moreover, this wavelength yielded
level of performance which surpassed that specified by both EPA
nd NASA [4,6].

Samples were collected by drawing solution into a syringe
hrough the reagent cartridge and waiting for formation of the pur-
le reaction product. Results indicated that agitation of the contents
or ∼1 min at 400 rpm (in addition to the 1 min required to reach
00 rpm) on a sample shaker increased the rate of air oxidation and
urple product formation sufficiently to generate a calibration plot
rom the KM function of the extraction disks at 700 nm.
The C-SPE calibration plot obtained for the full range targeted
y NASA and EPA (i.e., up to 20 ppm) is indicated by the 95%
onfidence interval shown in Fig. 2 along with the linear regres-
ion equation. Analysis of the data obtained from formaldehyde

ig. 2. A plot of the 95% confidence interval for the determination of formalde-
yde generated from a Kubelka–Munk transformation of the data at 700 nm. Results
btained from the interference study are also plotted. The F(R) for each solution
s plotted against the formaldehyde concentration present in that solution. Each
nterferent solution contained ∼5 ppm of the interferent and either ∼5 or ∼0.5 ppm
ormaldehyde.
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oncentrations up to 1.0 ppm yielded a calculated LOD of 80 ppb.
lthough the use of the shaker increases the rate of air oxidation,

he reaction has not reached completion. Therefore, with such a
hort reaction interval, small variations in the time between fill-
ng the syringe and passing the sample through the extraction

embrane can contribute significantly to the deviation in the data.
onsequently, the sensitivity and measurement precision are not
s high as they might be if the reaction were allowed to reach com-
letion. However, in the interest of developing a rapid analytical
echnique, the data clearly show that this method has the capability
o determine formaldehyde concentrations as low as 80 ppb in less
han 3 min.

.2. Interference study

A study was also conducted of potential interferents. Acetalde-
yde and propionaldehyde, as the next two compounds in a
omologous series, were tested. Benzaldehyde was included to
ssess the impact of aromaticity, along with ethylene glycol which
s readily oxidized to formaldehyde [28]. The first three substances
ave been detected, albeit at low (<8 ppb) levels, in spacecraft water
upplies; ethylene glycol has been found at levels up to 1 ppm
5].

The impact of each interferent was examined by generating
wo sample solutions: one containing a 1:1 ratio of interferent to
ormaldehyde, and the other a 10:1 ratio. The 1:1 samples con-
isted of ∼5 ppm of the interferent and ∼5 ppm formaldehyde,
hile the 10:1 samples were composed of ∼5 ppm interferent and
0.5 ppm formaldehyde. Each solution was tested four times and

he average F(R) at 700 nm is plotted in Fig. 2 against the actual
oncentration of formaldehyde in the solution. The 95% confidence
nterval for solutions containing only formaldehyde serves as a
eference.

Though all of the aldehydes tested are potential interferents
n the determination of formaldehyde by Purpald, literature has
hown that structural differences in the products formed by dif-
erent aldehydes lead to variations in their spectra [24,29]. Our
ndings are consistent with the past work. Acetaldehyde, which
iffers by only one methyl group, is the strongest interferent, pro-
ucing a signal that lies well outside the 95% confidence interval
or pure formaldehyde. However, the addition of another methyl
roup, creating propionaldehyde, or the substitution of an aromatic
ing, producing benzaldehyde, causes a large decrease in the inter-
ering signal. Formaldehyde measurements with these interferents
resent fell within the 95% confidence interval determined for pure
ormaldehyde. Ethylene glycol was found to have the least effect on
he determination of formaldehyde by this method. Presumably,
t the conditions of the reaction, ethylene glycol is not detectably
xidized to formaldehyde.

. Conclusions

This work details the development of a C-SPE method for the
apid (∼3 min) quantification of aqueous formaldehyde from 0.08
o 20 ppm using only a 1.0-mL sample. In addition to its micro-
ravity compatibility, the C-SPE method is more user-friendly,
rovides better quantitation, has a lower detection limit, and
equires smaller samples than existing formaldehyde test kits.
hese advantages make the C-SPE method attractive for use in
any ground-based applications as well, including water qual-
ty analysis in underdeveloped regions of the world. In addition
o kit development and testing, we will also focus on expanding
ts usefulness to the detection of glycols, which enter space-
raft water supplies through the use of no-rinse personal hygiene
roducts.
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a b s t r a c t

The chlorogenic acid (CA) in Honeysuckle is determined and identified by nano-liquid chromatography-
electrospray ionization mass spectrometry (nano-LC-ESI/MS) after extraction with microwave-assisted
extraction (MAE). As a new sample preparation method for Honeysuckle, the MAE procedure is optimized,
validated and compared with conventional methods including reflux extraction (RE) and ultrasonic extrac-
tion (USE). It is found that MAE gives the best result due to the highest extraction efficiency within shortest
extraction time (only 4 min). Here, CA is determined by nano-LC-ESI/MS based on the calibration curve of
its authentic standard. The method linearity, detection limit, precision and recovery are studied. The results

2 −1

spectrometry
Chlorogenic acid
M
H

show that the combined MAE and nano-LC-ESI/MS method has a linearity (R 0.991, 0.8–20 ng mL ), a
low limit of detection (0.5 ng mL−1), good precision (R.S.D. = 2.54%) and a recovery (84.8%). The experiment
has demonstrated that the nano-LC-ESI/MS following MAE is a fast and reliable method for quantitative

kle.
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icrowave-assisted extraction
oneysuckle analysis of CA in Honeysuc

. Introduction

Honeysuckle, the dried flower of Lonicera japonica Thunb., is
common Traditional Chinese Medicine (TCM). It has shown a
ide spectrum of biological and pharmacological activities such

s antibacterial, antiviral [1], antioxidant [2]. Honeysuckle contains
hlorogenic acid (CA), luteolin-7-O-glucoside, volatile oil, flavone,
aponins, polysaccharides, and polyphenolic compound [3]. CA is
he major bioactive constituent in the herb. It is necessary to mea-
ure CA in Honeysuckle for quality of Honeysuckle.

Prior to the analysis, the extraction of CA in Honeysuckle is
equired. Reflux extraction (RE) is the most widely used tradi-
ional technique for routine herb drug extraction [4–6]. However,
E is laborious, time-consuming, and requires large amounts of
olvents. Ultrasonic extraction (USE) is also applied for the CA
xtraction [7]. However, it does not show satisfactory extrac-
ion efficiency. Therefore, a fast, solvent-free and low-cost sample
reparation technique for the extraction of CA from TCMs is

esirable. Microwave heating involves internal heating based on
onduction and dielectric polarization caused by microwave irra-
iation [8]. Recently, microwave-assisted extraction (MAE) has
eceived more and more attention as a potential alternative to

∗ Corresponding author. Fax: +86 21 65641740.
E-mail address: xmzhang@fudan.edu.cn (X. Zhang).
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oi:10.1016/j.talanta.2008.09.003
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raditional solid–liquid extraction methods, mainly due to consid-
rable savings in processing time and solvent consumption [9,10].
t is more efficient when compared with traditional heating-reflux
ince microwave irradiation accelerates cell rupture by sudden
emperature rise and internal pressure increase inside the cells of
lant sample, which promotes destroy of sample surface [11]. It
as been employed for the extraction of various biologically active
ompounds from different plant matrices [12–17]. In our previous
tudy [18], MAE followed by gas chromatography–mass (GC–MS)
as been applied to the TCM analysis.

Recently, remarkable advances in high performance liquid chro-
atography (HPLC) have been made for the separation and analysis

f components in TCMs. Nano-LC as a new powerful analyti-
al tool is carried out in capillaries of small internal diameter
I.D. < 300 �m) containing stationary phases usually employed in
PLC. The nano-LC offers several advantages over classical ana-

ytical methods, e.g., rapid separation achieved in a short analysis
ime with high efficiency, use of minute volumes of mobile phases
s well as small amounts of packing materials [19,20], and low
ample dilution ratio. However, the method does not prove to be
atisfactorily sensitive due to the small volumes of sample injected

nd the short path length of the detection cell used in UV detec-
ion. The combination of nano-LC with mass spectrometry results
n a powerful tool increasing the method sensitivity. ESI has now
ecome the most important ionization technique for the on-line
oupling of liquid phase separation techniques such as LC with MS



1 a 77 (

[
E
f
h
t
c
T
b
s
n
m
o

f
o
o
t
r

2

2

g
D
H
S
f
c
(

2

a
e
(
w
T
t
a
1
3
i
a
a
m
i
r
m
a
s
a
4
9
fl
s
t

2

s
w

b
w
s
1

2
M

2

o
a
0
r
i

2

t
w
a
1
t
t
o

2
p

[
o
fl
i
f
w
c
d

2

2

t
p
c
s
r

2

t
c
d
e
H
u
n
l

3

300 F. Hu et al. / Talant

21–23]. Advantages of the coupling of LC and ESI/MS are that (a)
SI is the technique of choice for transferring the charged species
rom liquid phase into gas phase, (b) the hyphenated technique
as a broad range of applications from ions and small molecules
o macromolecules and (c) ESI-MS allows the detection of multiple
harged species originating from high molecular mass molecules.
he coupling of both techniques (nano-LC–MS) is easily achieved
ecause of the relatively low flow rate, typical feature of nano-LC
ystem, originated by the employment of small I.D. columns. Thus,
ano-LC–MS is often used for the analysis of proteomics [24], phar-
aceutical compounds [25] due to its high sensitivity and low limit

f detection.
In this study, a MAE followed by nano-LC-ESI/MS is developed

or the determination of CA from Honeysuckle. This is the first report
f hyphenating MAE with nano-LC–MS. The MAE parameters are
ptimized, and the extraction efficiency by MAE is compared with
hat by conventional extraction techniques. The method linearity,
ecovery, precision and detection limit are also studied.

. Experimental

.1. Chemical and materials

Methanol, acetonitrile and formic acid were chromatographic
rade (Merk, Darmstadt, Germany). Ethanol was analytical grade.
istilled water was purified by a Milli-Q system (Milford, MA, USA).
oneysuckle was purchased from local Chinese medicine stores in
hanghai, China. Chlorogenic acid (purity 99.9%) was purchased
rom the Institute for the Control of Pharmaceutical and Biologi-
al Products of China (Beijing, China). Centrifuge was from Christ
Osterode am Harz, Germany).

.2. LC–MS conditions

The nano LC-ESI/MS system (LC-20ADvp nanopump, SIL-20AC
utosampler, Shimadzu, Kyoto, Japan) was equipped with nano-
lectrospray ionization (ESI) interface. The Zorbax SB-C18 column
150 mm × 75 �m, I.D.,) that was packed with 3.5 �m particles
as purchased from Agilent technologies (Santa Clara, CA, USA).

he mobile phase consisted of (A) 0.1% formic acid, (B) ace-
onitrile + 0.1% formic acid, with a gradient elution of 5–20% B
t 1–16 min, 20–40% B at 16–24 min, then rapidly to 100% B in
min, finally holding on 100% B for 4 min. The flow rate was
00 nL min−1. Mass analysis was performed in selected ion mon-

toring (SIM) and scan modes, respectively. ESI-MS spectra were
cquired in positive mode. All mass spectra were acquired on
novel hybrid ion-trap time-of-flight mass spectrometer (Shi-
adzu LC–MS-IT-TOF) equipped with an ESI source (ESI-IT-TOFMS)

n positive ion mode at a resolution of 10000 FWHM. Accu-
ate masses were corrected by calibration using the standard
aterial sodium trifloroacetate cluster as internal reference. The

nalytical conditions were as follows: scan range, m/z 200–650;
pray voltage, 2.50 kV; detector voltage, 1.65 kV; skimmer volt-
ge, 9.0 V; pressure of TOF region, 1.5 × 10−4 Pa, and temperature,
0 ◦C; ion source temperature, 200 ◦C; trap cooling gas (Ar) flow,
4 mL min−1; ion trap pressure, 1.8 × 10−2 Pa; collision gas (Ar)
ow, 43 mL min−1; ion accumulated time, 10 ms; precursor ion
elected width, 3.0 amu, and selected time, 20 ms; CID collision
ime, 30 ms; q = 0.251.
.3. Standard solution

The authentic standard of CA was weighted accurately then dis-
olved in methanol and diluted to 1 mg mL−1. Standard solution
as stored in the dark under refrigeration at 4 ◦C and was found to

3

e

2009) 1299–1303

e stable for two months. A series of working standard solutions
ere prepared by the appropriate dilution of the above-mentioned

tandard solution with water to create CA concentration of 10 and
�g mL−1.

.4. Comparison of extraction procedures and optimization of
AE parameters

.4.1. Reflux extraction
One gram of dried Honeysuckle was extracted twice with 20 mL

f 70% ethanol by reflux for 2 h. The extract was then centrifuged
t 15,000 rpm for 15 min. The supernatant was filtered through a
.45-�m nylon filter then directly injected into the HPLC. Three
eplicate injections were analyzed to determine the contents of CA
n the herb with the average peak area.

.4.2. Ultrasonic extraction
One gram of dried Honeysuckle powder was weighted accurately

o a flask, and then 20 mL of 70% ethanol was added to the tube
hich was sealed with a glass cap. The powder was extracted in

n ultrasonic bath for 30 min. The extract was then centrifuged at
5,000 rpm for 15 min. The supernatant was also filtered through
he 0.45-�m nylon filter and then injected into the HPLC. The con-
ents of CA in Honeysuckle were calculated with the mean peak area
f three replicate injections.

.4.3. Microwave-assisted extraction and optimization of MAE
arameters

A household microwave oven was modified in our laboratory
26]. The microwave oven operated with a 2450 MHz single-phase
utput of 700 W. One gram of Honeysuckle was placed in a 50 mL
ask followed by the addition of 20 mL 70% ethanol. The contents

n the flask were vigorously shaken by hand, and then extracted
or 4 min at a power level of ca. 400 W. After extraction, the flask
as cooled to room temperature before opening. The extract was

entrifuged at 15,000 rpm for 15 min and then filtered. 1 �L of the
ilution was injected into the HPLC.

.5. Method validation

.5.1. Calibration curve and quantification of samples
The five-point calibration curve of CA was constructed by plot-

ing peak area (y) of CA versus CA amount (x). The regression
arameters of slope, intercept and correlation coefficient were cal-
ulated by Origin 7.0 software. Concentrations of CA in Honeysuckle
amples were calculated from the resulting peak area ratios and the
egression equation of the calibration curve.

.5.2. Repeatability and recovery
Five replicate injections of same extract were analyzed by

he nano-LC-ESI/MS method to determine variation due to the
hromatographic conditions (system precision). Relative standard
eviation (R.S.D.) was studied by the analysis of CA content in Hon-
ysuckle extracted by MAE. The recovery of CA was studied with
oneysuckle spiked with 0.01 �g CA. The mixture was processed
nder described sample preparation procedure and analyzed using
ano-LC-ESI/MS. Also, the detection limit (S/N = 3) of CA was calcu-

ated.

. Results and discussion
.1. Optimization of HPLC conditions for the separation of CA

Optimized chromatographic conditions are achieved after sev-
ral trials with acetonitrile, water and formic acid in various
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roportions. It is found that the presence of formic acid in the
obile phase has a significant effect on the retention behavior of CA

n Honeysuckle. Once 1% formic acid is applied instead of pure water,
he pH is switched to 4.0, and then the tR (retention time) of CA
n mobile phase is prolonged, avoiding eluting immediately when
sing water. In this HPLC system, an increase in the percentage
f acetonitrile decreases the retention of most compounds. Subse-
uently, the optimal gradient elution consisting of 1% formic acid
s employed, which leads to well-separated resolution, satisfactory
eak shape as well as relatively short time for analysis. Eventually,
6 peaks observed within 29 min comprise the fingerprint of Hon-

ysuckle obtained by nano-LC-ESI/MS (Fig. 1c, extracted by MAE).
able 1 lists the components separated in the extract of Honeysuckle.
omponent 7 is identified as CA by comparing the retention time
nd MS spectra with authentic standard (Fig. 1).

T
R
i
e

Fig. 1. Chromatograms of Honeysuckle extracted by (a) RE, (b) USE and (
2009) 1299–1303 1301

.2. Comparison of microwave-assisted extraction and
onventional extraction techniques

According to Table 1, about sixteen components are identified
n the extract of MAE while the number in the extract of RE and
SE is eight and nine, respectively. Their chromatograms are shown

n Fig. 1. It indicates that more components are extracted through
AE. However, two different components (18, 19) are eluted only in

he extract by RE at m/z 389.1 and 243.1 while component 17 is only
xtracted by USE. This difference maybe due to the various structure
ransformation during refluxing, ultrasonic and microwave heating.

here are five components which are all identified in the extract of
E, USE, and MAE. The amount of these components are compared

n Fig. 2. Except component 6, MAE gives the highest extraction
fficiency for the others. Comparison of peak area for CA (Fig. 2,

c) MAE and (d) CA standard together with its (e) mass spectrum.
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Table 1
Components separated in the extract of Honeysuckle by MAE, RE and USE.

No. Retention time (min) Base peak, m/z Area

MAE RE USE

1 5.07 359.1 81193663 – –
2 7.05 316.1 39277182 – –
3 7.68 446.2 29112818 – –
4 8.70 404.1 62896168 – –
5 9.06 214.1 73920664 – 92721527
6 9.64 212.1 399887657 502752323 274641067
7 10.20 354.1 591556301 353803099 326513897
8 10.30 320.1 39142508 – –
9 11.01 358.1 115915756 116201499 43926068

10 12.82 226.1 1808266849 – 973031165
11 13.82 278.2 380301126 48117017 –
12 15.19 402.2 257652100 64302636 59187301
13 17.00 279.2 51604327 – –
14 18.27 462.2 33871562 – –
15 19.80 448.1 24297958 8128749 6684899
16 26.89 416.2 313391484 – 37421157
17 26.47 162.1 – – 8488602
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amount in the herb before spiking. The spiking experiments are
repeated three times to get the mean amount of CA after spiking.
The recovery is 84.8% with R.S.D. 4.64%. The limit of detection (LOD)
is 0.5 ng mL−1 (S/N = 3).
18 12.34 388.1
19 12.82 242.1

omponent 7) shows MAE to be the best extraction technique for CA
ecause it gives the maximum extraction values of it. This proves
hat the MAE technique is effective for the accurate and reliable
etermination of CA and main compounds in Honeysuckle.

.3. Optimization of MAE procedure

Effects of microwave power and irradiation time on the extrac-
ion are studied (Fig. 3). Honeysuckle is extracted at different

icrowave power (200, 400 and 700 W) and different irradiation
ime (1, 2, 4 and 6 min), and then further centrifuged. Finally the
nalytes are analyzed by nano-LC-ESI/MS. As is shown in Fig. 3,
ith the microwave power of 200, 400 and 700 W, the extraction

fficiency of CA is increasing with the exposure time. However,
he extraction efficiency decreased when the irradiation time is

ore than 4 min (while under low power, the time was 2 min).
his maybe due to its decomposition at long irradiation time.
enerally, the higher extraction temperature is profitable for accel-
rating reaction and reducing the reaction time of CA. The effect of
icrowave forward power on the extraction yield is represented in

ig. 3. The experiment results demonstrate that the extraction yield
f CA increases when the forward power rises from 200 to 400 W

nd then the yield decreases at 700 W. Except for extractions irradi-
ted with 1 min, extractions with microwave power of 400 W show
he higher content of CA compared with others. Therefore, the best
ondition for the MAE is performed at a microwave power of 400 W
nd an irradiation time of 4 min.

ig. 2. Comparison of five components identified in the extract of Honeysuckle by
AE, RE, and USE, conditions are shown in Section 2.4.

F
e

– 100947673 –
– 403154752 –

.4. Method validations

We use the external standard method since it is simple, fast
nd accurate for sample preparation. The repeatability of retention
ime about CA during the precision studied is found to be excel-
ent for all solutions. The calibration curve for CA is constructed
y analyzing a series of CA standard sample in the concentration
ange from 0.8 to 20 ng mL−1 and by plotting concentration ver-
us peak area (the simple plot is not shown). The calibration curve
hows good linearity in 0.8–20 ng mL−1. The regression equation is
= 2.82 × 1010x + 1.69 × 107. Linear regression analysis of the data
ields a correlation coefficient (R2) of 0.991.

A series of sample analysis are performed to validate the perfor-
ance of the method. Reproducibility of the combined MAE and

ano-LC-ESI/MS method is assessed by the peak area of CA in five
eplicate analyses of the same extract. The percent R.S.D. value is
.54%. By spiking the standard solution of CA, the recovery of this
omponent is measured. The amount of the spiked CA is calcu-
ated by subtracting the total amount of CA after spiking from the
ig. 3. Effects of microwave power and irradiation time on the amounts of CA
xtracted from Honeysuckle.
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When the test solutions of Honeysuckle extracts are analyzed
y LC–MS under the selected conditions, the calibration curves are
sed for quantitative analysis.

.5. Application to the determination of CA in Honeysuckle’s
ombination drug

A TCM formula, composed of Honeysuckle, Radix astragali and
optis is also analyzed. The mixture with 0.1 gram of each herb,
issolved in 30 mL 70% ethanol is extracted by MAE for 4 min at
power level of ca. 400 W. After filtering and centrifuging, 1 �L

xtraction is injected into nano-LC-ESI/MS. The quantity of CA is
alculated according to the calibration curve. The mean content
n combination drug is 1.35 ng with R.S.D. 2.82% (n = 3). The mean
mount of CA is calculated with average peak area through three
ssays.

. Concluding remarks

An optimized MAE procedure has been developed and mani-
ested more effective than other conventional techniques. For the
rst time, we report the extraction of CA from Honeysuckle using
AE and quantification of this compound by nano-LC-ESI/MS. The
AE method followed by nano-LC-ESI/MS determination, which

akes comprehensive effect such as rapid analysis, reduced sam-
le, time and solvent consumption, is a simple, rapid, and reliable
ethod for the quality and quantify assessment of CA in Honey-

uckle.
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a b s t r a c t

When tin is to be determined in such a complex matrix like aqua regia extracts of environmental samples
by electrothermal atomic absorption spectrometry (ETAAS), spectral interferences occur when deuterium-
lamp (D2) background correction is used, even using high pyrolysis temperature of 1400 ◦C achieved with
palladium with citric acid chemical modifier. We have found that the further addition of NH4F to palladium
with citric acid chemical modifier is essential for overcoming the above-mentioned problems for which
aluminium oxide is most probably responsible. It is supposed, that NH4F enables volatilization of the
alumina matrix formed by hydrolysis from the chloride salt and interfering in a gas phase via the formation
eywords:
in analyte
hloride matrix
lumina matrix
TAAS
hemical modifiers

of AlF3 which could be, in contrast to aluminium oxide, removed from the graphite furnace during the
pyrolysis stage. Using the proposed chemical modifier, the direct and accurate determination of Sn in aqua
regia extracts from rocks, soils and sediments is possible even when using matrix free standard solutions.
This presumption was confirmed by the analysis of certified reference samples and by the comparison with
inductively coupled plasma time of flight mass spectrometry (ICP-TOFMS) method. Characteristic mass
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qua regia extraction
nvironmental samples

and LOD value for the orig

. Introduction

Direct determination of Sn in environmental samples by elec-
rothermal atomic absorption spectrometry (ETAAS) method is
ifficult due to the matrix effects [1–10]. Especially chloride matrix

s known to interfere seriously onto Sn determination [9]. In the
resence of chlorides, several volatile compounds of tin are formed
hich may be lost during drying and ashing steps and serious gas
hase interferences in the atomization stage and spectral effects
ave occurred [1,9–11]. From this reason the analysis of aqua regia
xtracts from various environmental samples is an extremely diffi-
ult analytical task [1].

Up-to-date only a few papers [1,5] have been related to the prob-
ems occurring during the direct determination of Sn in aqua regia
xtracts from rocks, soils and sediments, although an aqua regia

xtraction (ISO 11466) [12] is widely used for most of heavy met-
ls and this procedure is often required by regulations to estimate
oils contamination. da Silva et al. [1] recommended the use of Ru
eposited on a L’vov platform as a permanent modifier for the deter-

∗ Corresponding author. Tel.: +420 466037029; fax: +420 466037068.
E-mail address: Lenka.Husakova@upce.cz (L. Husáková).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.09.039
ample (10-�L aliquots of sample) was 17 pg and 0.055 �g g−1, respectively.
© 2008 Elsevier B.V. All rights reserved.

ination of Ag, Pb and Sn in aqua regia extracts from sediments,
evertheless for Sn, the precision was less satisfactory. This fact
as, however, attributed [1] to less efficient extraction for this ana-

yte. The authors [1] have also reported noisy and not symmetrical
bsorption peaks for Sn in extracts and much higher background
bsorbance surpassing the correction capability of the continuum
ource background corrector in comparison with matrix free and
0% v/v aqua regia conditions. These differences were attributed
ot to the common presence of the aqua regia in the extract, but to
ome concomitants of the sample. Arambarri et al. [5] have used Pd
odifier for determination of Sn in aqua regia-HF extracts from sed-

ments, nevertheless, non-spectral effects were persisted although
full factorial design and central composite design for the opti-
ization of conditions in ETAAS determination have been applied.

he use of the “universal chemical modifier” Pd + Mg [13] previously
pplied successfully to the determination of many elements in dif-
erent kind of matrices [14] was however less effective in the aqua
egia medium, e.g. in comparison with Ru permanent modifier [1].

t is clearly evident that several problematic analyses which were
ot successfully solved up to date using more or less conventional
hemical modifiers need the specific treatment evolving the use of
hemical modifier to impact effectively and specifically seriously
nterfering compounds. Of these analyses, the direct determination
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used. It is clear that there must be another source of interference
onto Sn determination in comparison with Tl determination and
that for this case the composition of a chemical modifier must
be adapted. We have found that replacement of Li in Pd + CA + Li
mixture by NH4F can solve all the above-mentioned problems
L. Husáková et al. / Ta

f Sn in aqua regia extracts of environmental and geological samples
s still a great challenge owing to the above-mentioned problems.
evelopment of methodology for the determination of Sn using

nstrumentation equipped with D2 background correction system,
hich is still the most widely used analytical practice, is described

nd discussed throughout this work.

. Experimental

.1. Reagents

Tin solution (SnCl4 in HCl 2 mol L−1) of 1 g L−1 Sn was obtained
rom Merck (Darmstadt, Germany). Nitric acid (65%, w/v) of Selec-
ipur quality (Lach-Ner, Neratovice, Czech Republic) was used. The
olution of 1 g L−1 of Pd in 10% (v/v) HCl was obtained from SCP
cience (Canada). Solutions of 200 and 100 g L−1 citric acid (p.a.)
Lachema, Brno, Czech Republic) and that of ammonium fluoride
p.p.) (Sigma–Aldrich Chemie GmbH, Steinheim, Germany) were
repared by dissolving these salts in water. Solutions were pre-
ared using deionised water of 0.05 �S cm−1 conductivity using the
ltraClear (SG, Germany) pure water system.

.2. Instrumentation

Measurements were carried out using Avanta P double beam
tomic absorption spectrometer (GBC Scientific Equipment Pty.
td., Australia) equipped with GF 3000 graphite furnace, auto-
ampler PAL 3000 and deuterium arc background corrector. Super
amp (Photron Pty. Ltd., Australia) was the line source (lamp cur-
ent 15 mA, boost current 18 mA, wavelength 224.6 nm, spectral
and-pass 0.5 nm). Peak area absorbance values were measured.
yrolytically coated graphite tubes (Schunk, Germany, Batch:
082283) with preinstalled pyrolytic graphite L’vov platform were
sed. Argon was used as sheating gas; the internal gas flow in the
raphite tube was interrupted during the atomization step.

Inductively coupled plasma time of flight mass spectrome-
er Optimass8000 (GBC Scientific Equipment Pty. Ltd., Australia)
15,16] was used in several cases for comparative measurements.

.3. Procedure

.3.1. Samples
Commercially supplied quality control materials of Rocks and

eological Materials and Soils and Sediments, Laterite GBW 07407
nd Yellow-red Soil GBW 07405 were purchased from National
esearch Centre for Certified Reference Materials, NRCRM, China.
amples were prepared by digestion with aqua regia according to
he ISO Norm 11466 [12] using the same way as described in Ref.
17].

.3.2. Analytical procedure
When the influence of FeCl3 or AlCl3 matrix onto the determi-

ation of Sn was studied, 500 pg of Sn and appropriate amounts of
ndividual chloride salt was injected to graphite furnace without
r with the use of: (i) 4 �g Pd + 1000 �g citric acid (CA), (ii) 4 �g
d + 1000 �g CA + 1000 �g ammonium fluoride (AF). For this pur-
ose 4 �L of 1 g L−1 Pd solution or 10 �L of a mixture of 0.4 g L−1 Pd
ith 100 g L−1 CA was injected and dried at 110 ◦C to ensure more

asily sampling of a sample limited by the use of platform and to

rotect an intercalation of chloride matrix into graphite [18]. After
hat, 10 �L aliquot of the solution of 50 �g L−1 Sn and the appro-
riate volumes of chloride solution and 5 �L of 200 g L−1 AF with
r without the use of 5 �L of 200 g L−1 CA were injected as a single
eposition on the platform by means of auto-sampler. When aqua

F
6
(
1

7 (2009) 1504–1509 1505

egia leaches from GBW 07405 and GBW 07407 samples were ana-
yzed, 10 �L aliquot of the sample and an appropriate volume of

odifiers were injected using the same way as described above to
nsure the total mass of modifiers injected onto the platform to be
�g of Pd + 1600 �g of CA + 1000 �g of AF.

Calibration using five aqueous standards and two standard
dditions were performed by means of the instrument software.
alibration ranged from the lowest concentration to 200 �g L−1 and
as linear through the investigated range.

. Results and discussion

.1. Evaluation of interference on Sn determination

We have reported recently [19], that Pd + CA is a very efficient
hemical modifier for the elimination of interferences occurring
uring the direct determination of Tl in aqua regia leaches from
ocks, soils and sediment samples, especially when combined with
i. However, regarding the determination of Sn, the application
f Pd + CA with or without the use of Li, results in overcorrec-
ion, and high background values cannot be reduced even at high
yrolysis temperatures as 1400 ◦C (see Fig. 1). Similar observa-
ions were obtained also at other analytical wavelengths being
sed for Sn determination, i.e. 235.5 and 286.3 nm, even for low-
st spectral bandwidth of 0.2 nm achievable with the spectrometer
ig. 1. Atomic (solid lines) and background (dotted lines) absorbance signals for
60 pg of Sn in GBW 07407 sample in the presence of (1) 4 �g Pd + 1000 �g CA and
2) 4 �g Pd + 1000 �g CA + 1000 �g AF. Pyrolysis and atomization temperatures were
400 and 2200 ◦C, respectively.
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Fig. 2. Influence of FeCl and AlCl matrix on the relative absorbance signal (solid lines) and background absorbance (dotted lines) of 500 pg of Sn in the presence of 4 �g
P ondit
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d + 1000 �g CA (�), 4 �g Pd + 1000 �g CA + 1000 �g AF (�) and under modifier free c
n Table 1. The relative absorbance is defined as: integrated absorbance of 500 pg Sn i
bsorbance of 500 pg Sn. Bars indicate the range for each determination (n = 3).

bserved during the analysis of aqua regia leaches from GBW
7405 or GBW 07407. After that, the background is significantly
educed and problems with overcorrection are eliminated (see
ig. 1).

To find which component is the most responsible for the above-
entioned problems, we have studied the influence of increasing

mount of FeCl3 and AlCl3 onto Sn determination (see Fig. 2) under

onditions described in Table 1 since for both GBW 07405 and GBW
7407 the highest values are certified for Fe and Al, respectively.
n addition, it was found previously by several authors [8,10] that
igh aluminium or iron concentrations (3–4 orders of magnitude)

able 1
ptimized electrothermal program for the determination of Sn in aqua regia leaches

rom rocks, soils and sediments.

tep Temperature (◦C) Time (s) Gas flow (L min−1)

Ramp Hold

njection 1a 65 5 5 3.0
rying 110 15 0 3.0

njection 2b 95 15 0 3.0
rying 180 25 10 3.0
yrolysis c 5 10 3.0

c 0 1 0.0
tomization c 0 2 0.0
leaning 2500 1 1 3.0
ooling down 40 25 5 3.0

a Injection of appropriate volumes of 1 g L−1 of Pd modifier or mixture of Pd with
A.
b Injection of 10 �L of a sample together with appropriate volume of AF.
c Pyrolysis and atomization temperatures for measurements when influence of

eCl3 and AlCl3 matrix onto Sn determination was studied or when aqua regia leaches
f rocks, soils and sediments were analyzed were 1400 and 2200 ◦C in presence of
d + CA or Pd + CA + AF chemical modifiers. Using the modifier free conditions the
yrolysis and atomization temperatures were 900 and 2100 ◦C.
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ions (©). Pyrolysis and atomization temperatures used for measurement are shown
resence of chemical modifier and Cl− or Al within the investigated range/integrated

ay cause either spectral or chemical (or both) interferences in Sn
nalysis.

As it can be seen from Fig. 2, the determination of Sn was inter-
ered by the presence of both FeCl3 and AlCl3 matrix. A decrease
f sensitivity of about 70% was observed for 10 �g of Cl− in the
orm of FeCl3; however the interference could be well eliminated
y the presence of only Pd + CA. In the presence of this modifier,
p to 150 �g of Cl− in the form of FeCl3 could be tolerated without
ignificant changes of sensitivity (less than 5%). It is expected that
itric acid similarly as ascorbic or oxalic acid [20] helps to decrease
he concentration of chlorine atoms in the graphite tube and, con-
equently, decreases their negative influence on the absorption of
n. According to Fig. 2 it is evident, that further addition of NH4F
o Pd + CA modifier did not increase the robustness against FeCl3

atrix and both mixtures were similarly effective in the elimina-
ion of FeCl3 interference, although Fe is known to form very stable
oluble complex with fluoride. It follows from Fig. 2 as well that
presence of FeCl3 matrix did not lead to an increase of back-

round absorbance for Sn 224.6 nm line and similar background
bsorbance values were obtained at conditions both without and
ith the presence of both investigated chemical modifiers mix-

ures. Because an overcorrection was not observed and samples
ontaining only the interferent yielded good blanks without clear
tomic peaks, it was concluded that, in presence of FeCl3, Sn atom-
zation is suffering mainly by chemical interference and that the
pectral ones can be disregarded.

As it is demonstrated in Figs. 2 and 3a, the presence of AlCl3
atrix interfered in Sn determination, too. In comparison with the
resence of FeCl3 matrix, the background absorbance was signifi-
antly increased by the presence of AlCl3 matrix (Fig. 2). It can be
urther seen from Figs. 2 and 3b that in the presence of only Pd + CA

ixture, the interference from AlCl3 matrix could not be overcome.
owever, this problem can be well eliminated by the addition of
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Fig. 3. Atomic (solid lines) and background (dotted lines) absorbance signals for
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tent in these samples (10-fold or 25-fold diluted) was achieved,
00 pg of Sn in the presence of (1) 40 �g Al in the form of AlCl3 and under (2)
atrix free conditions: (a) without chemical modifier and in the presence of (b) 4 �g

d + 1000 �g CA and (c) 4 �g Pd + 1000 �g CA + 1000 �g AF. Pyrolysis and atomiza-
ion temperatures were in accordance with those given in Table 1.

H4F (see Figs. 2 and 3c). Ammonium fluoride significantly reduces
he background absorbance and increases the robustness of the
hemical modifier to AlCl3 matrix (Fig. 2). In the presence of 4 �g
f Pd + 1000 �g of CA + 1000 �g of AF modifier, 50 �g of Al in the
orm of AlCl3 could be tolerated without any change of sensitivity
higher amounts were not studied).

It can be supposed that Al oxide species (probably Al2O) gen-
rated from the solid phase Al2O3, which is the most thermally
table condensed phase aluminium oxide [21–23] produced also by
hermal behaviour of AlCl3 matrix as shown previously [21], inter-
ere on Sn determination similarly as described previously during
he determination of various elements [24–29] in presence of large
mount of alumina matrix and are responsible for negative peak
ccurring during the analysis of both GBW 07405 and GBW 07407
amples. It can be expected that due to the broad band molecular
bsorption of alumina oxide species [24] the spectral interference
t all the investigated Sn wavelengths, i.e. 224.6, 235.5, 286.3 nm
as occurred.

Typical peak profiles derived from the atomization of 500 pg
f Sn in the presence of 40 �g of Al in the form of AlCl3 without
ny modifier, with applying Pd + CA and with Pd + CA + AF modi-
er are shown in Fig. 3a-1, b-1 and c-1, respectively. In addition,
ime-scans of Sn atomic absorption signal without and with the
se of modifiers under matrix free conditions are shown for com-

arison (Fig. 3a-2, b-2 and c-2). Based on the boiling point data
vailable from the literature [30], it can be considered that the elim-
nation of high background absorbance values and an interference
bserved in the presence of AlCl3 matrix (Fig. 3a) after the addi-

w

s
o
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ion of NH4F (Fig. 3c) is likely the consequence of a creation of AlF3
ith the sublimation point of 1276 ◦C, which could be, contrary to

luminium oxide, removed from the graphite furnace during the
yrolysis stage. This presumption can be supported by the studies
f Scaccia and Zappa [24] who have applied a halogen assisted ther-
al purification with the use of Ar + 1% (v/v) CHF3 internal furnace

as to the determination of Fe in high-purity aluminium to attain a
omplete volatilization of the matrix without any loss of the ana-
yte. In the presence of fluorinating agent, no aluminium oxide was
eft in the graphite furnace at and above 700 ◦C and the authors [24]
ave reported the formation of solid AlF3 with the existence in the
ange of 600 and 1300 ◦C. The authors [24] have also observed no
nterfering background within the range of 200–340 nm that was
therwise very intensive without halogenation.

As it can be seen in Fig. 3b and c, in the presence of AlCl3 matrix,
or both Pd + CA and Pd + CA + AF addition, Sn atomic absorption sig-
al appears earlier, i.e. at the lower temperature when compared
ith matrix free conditions. This fact can be attributed to the less

fficient analyte stabilization due to the presence of high amount
f the interfering matrix. Possible gas phase reactions of fluorine
ith the analyte were without practical relevance at the condi-

ions described since no signal suppression was observed after AF
ddition.

.2. Application to the analysis of aqua regia extracts

Palladium with citric acid and ammonium fluoride chemical
odifier was applied to the determination of Sn in GBW 07407

nd GBW 07405 certified reference standards to check accuracy and
recision of the method for the purpose of direct analysis of aqua
egia extracts of rocks, soils and sediments. 4 �g of Pd, 1600 �g
f CA and 1000 �g of AF were used. These amounts were opti-
ized and selected using the same way and the same criteria as

escribed in Ref. [19]. The influence of individual modifier com-
ounds onto specific and non-specific absorbance for both GBW
7407 and GBW 07405 is shown in Fig. 4. The pyrolysis and atomiza-
ion temperatures used for measurement were 1400 and 2200 ◦C,
espectively. Both temperatures were optimized experimentally by
arying the temperature between 900 and 1600 ◦C for the pyroly-
is step and between 1800 and 2300 ◦C for the atomization step, for
oth of investigated samples, in the presence of 4 �g Pd + 1600 �g
A + 1000 �g AF. Pyrolysis temperature of 1400 ◦C was chosen as
xperiments have shown that maximum temperature of 1500 ◦C
an be tolerated by Sn in both investigated matrices. Optimal atom-
zation temperature of 2200 ◦C was selected from the plateau area
f atomization curves.

As the slopes of calibration lines of the standard additions
ethod for aqua regia extracts from both investigated samples

n the presence of 4 �g of Pd + 1600 �g CA + 1000 �g AF were
ery close to that of the aqueous standard (within 15%), which
eans that the effect of matrix was under a good control at

onditions described, direct aqueous calibration was used for
uantification. The equation for direct aqueous calibration, con-
tructed according to the procedure described in Section 2 was
s follows: QA = 2.31 × 10−3 (3.9 × 10−5)[Sn] (where QA = integrated
bsorbance and [Sn] is concentration of the analyte in �g L−1; stan-
ard deviation of the slope is given in parentheses). It can be seen
rom Table 2 that a good agreement with values given by the man-
facturer of reference materials and with those determined by

CP-TOFMS [16] additionally applied for determination of Sn con-
hich confirms accuracy and reliability of the proposed method.
The precision of the determination expressed as the relative

tandard deviation of five replicate measurements of 66 �g L−1

f Sn from GBW 07407, and of 51 �g L−1 in 5-fold diluted GBW
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Fig. 4. Influence of the amount of (a) Pd (in presence of 2000 �g of CA and 1000 �g of A
4 �g of Pd and 1600 �g of CA) on integrated absorbance of Sn (solid line) and background
the range for each determination (n = 3). Pyrolysis and atomization temperature was 1400

Table 2
Concentrations of Sn in rock, soil and sediment reference samples: comparison of
methods.

Reference material Concentration (mg kg−1)

Declared Founda

ICP-TOFMS D2-ETAAS

GBW 07407 (Laterite) 3.6 ± 3.2 3.2 ± 0.2 3.3 ± 0.1
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[9] E. Lundberg, B. Bergmark, W. Frech, Anal. Chim. Acta 142 (1982) 129.
BW 07405 (Yellow-red soil) 17.7 ± 7.3 12.2 ± 0.2 12.7 ± 0.6

a Mean ± S.D. for results of independent measurements of three parallels samples.

7405 was 2.6 and 3.2%, respectively. The precision of the method
xpressed as the relative standard deviation in Sn determination
rom three independent parallel extractions of GBW 07407 and
BW 07405 was 3.0 and 4.7%, respectively.

Tube life-time given by the typical number of firings for Sn deter-
ination in GBW 07407 and GBW 07405 samples was 600–700.

.3. Figures of merit

Limit of detection (LOD) and limit of quantification (LOQ)
efined as the concentration that gives an integrated absorbance
qual to three times and 10 times of the standard deviation of
0 measurements of a sample with Sn concentration close to the
lank were 1.1 and 3.7 �g L−1, respectively. These values, corre-
ponding to 0.055 and 0.19 �g g−1 of Sn in the original sample, are
ufficiently low so that Sn content in rocks, soils and sediments
amples [31] could be determined. As all modifiers components
re available in high purity, no problems with contamination were
bserved even for high amounts of citric acid or ammonium fluo-
ide which impacts positively LOD value. Characteristic mass value
f 17.0 ± 0.5 pg was achieved, expressed as the mean ± S.D. (n = 4)
rom those of GBW 07407 and GBW 07405 calculated from the
lopes of the standard additions technique using the equation
0 = (0.0044 × V)/m, where V is the injection volume (10 �L) and
is the standard additions slope. This value is lower than those

eported for Sn previously with different modifiers during the anal-
sis of different environmental samples [2,3,6,7].

[
[
[

[

F), (b) CA (in presence of 4 �g of Pd and 1000 �g of AF) and (c) AF (in presence of
signal (dotted lines) for (�) GBW 07407 and (�) GBW 07405 samples. Bars indicate
and 2200 ◦C, respectively.

. Conclusions

The mixture of palladium with citric acid and ammonium fluo-
ide has been proved as very effective to overcome the interferences
ccurring during the direct determination of Sn in aqua regia
eaches from rocks, soils and sediments by D2-ETAAS method, of

hich those caused by aluminium oxide was considered to be the
ost serious. The application of the modifier to direct determina-

ion of Sn in all types of investigated samples has enabled rapid,
ccurate and interference-free determination in samples with con-
entration of Sn above 0.19 �g g−1. The proposed method offers
n effective and simple solution of the problem which up to date
as not successfully solved in analytical practice and which is easy

o follow for analytical laboratories. It can be expected that high
fficiency of the proposed chemical modifier for the modification
nd removal of the aluminium matrix will result in similar advan-
age also in case of determination of some other elements strongly
ensitive to the presence of alumina matrix.
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We examined the use of a bismuth–glassy carbon (Bi/C) composite electrode for the determination of
trace amounts of lead and cadmium. Incorporated bismuth powder in the composite electrode was elec-
trochemically dissolved in 0.1 M acetate buffer (pH 4.5) where nanosized bismuth particles were deposited
on the glassy carbon at the reduction potential. The anodic stripping voltammetry on the Bi/C composite
electrode exhibited well-defined, sharp and undistorted peaks with a favorable resolution for lead and
cadmium. Comparing a non-oxidized Bi/C composite electrode with an in-situ plated bismuth film elec-
trode, the Bi/C composite electrode exhibited superior performance due to its much larger surface area.
The limit of detection was 0.41 �g/L for lead and 0.49 �g/L for cadmium. Based on this study, we are able
Bismuth

Composite electrode
E
A
T

to conclude that various types of composite electrodes for electroanalytical applications can be developed
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lectrochemical dissolution
nodic stripping voltammetry
race metals

with a prudent combinati

. Introduction

Bismuth film electrodes have been recently suggested as an
lternative to traditional mercury electrodes for determination of
race metals [1–3]. Bismuth is an environmentally friendly mate-
ial with very low toxicity and possesses a comparable performance
o mercury in stripping analyses. The attractive stripping voltam-

etric performance of bismuth film electrodes is due to the fused
lloys they form with heavy metals [4,5]. Bismuth film electrodes
ere prepared by an in-situ or ex-situ plating method on various

ubstrates, including gold, platinum [6–7], carbon paste [8,9], glassy
arbon [10–12] and carbon fiber [13].

Recently, bismuth-based composite electrodes have been pro-
osed to design mercury-free electrodes for stripping analysis.
ajor advantages of composite electrodes include their simplicity

n sensor preparation and analytical procedures. Bismuth oxide-
odified carbon has been studied for the analysis of drinking water,
ineral water and urine, [14] and a graphite–epoxy electrode has

een mixed with Bi(NO3)3 salt as a built-in bismuth precursor [15].

arbon electrodes mixed with pure metals have been successfully
sed for electrochemical analysis. Electroanalytical performance
f these electrodes was based on the typical features of the car-
on material and electrocatalytical characteristics of doped metals

∗ Corresponding author. Tel.: +82 2 2220 0404; fax: +82 2 2296 4560.
E-mail address: sgkang@hanyang.ac.kr (S.-G. Kang).
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electrode materials.
© 2008 Elsevier B.V. All rights reserved.

Pt, Pd, Ru, etc.) in oxidation of some organic and biological sub-
tances [16]. Hocevar et al. reported a bismuth–graphite electrode
hich was prepared by mixing fine metallic bismuth powder with

raphite powder and silicon oil. Incorporated bismuth powders
cted as deposition sites of lead and cadmium in the preconcentra-
ion step and the resultant configuration exhibited better analytical
erformance than the bare carbon paste, bismuth paste and bis-
uth film-coated carbon paste electrode [17].
In contrast with these studies, we utilized a bismuth–glassy car-

on (Bi/C) composite electrode with built-in bismuth powders as
he source of Bi(III) ions for the deposition of bismuth on the glassy
arbon. The Bi/C composite electrode was electrochemically oxi-
ized and bismuth ions were released from bismuth powders to
he supporting electrolyte. The bismuth ions were deposited on
he glassy carbon at the reduction potential. The analytical perfor-

ance of the Bi/C composite electrode was compared with those of
non-oxidized Bi/C composite electrode and in-situ plated bismuth
lm electrode. In addition, the possibility of using a Bi/C composite
lectrode for the simultaneous determination of trace amounts of
ead and cadmium was evaluated.

. Experimental procedure
.1. Apparatus

All electrochemical experiments were performed using a
HI model 750 potentiostat (CH instruments) controlled by a
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ersonal computer via CH instruments software. A conventional
hree electrode cell configuration was employed for the voltam-

etric measurements, containing a Bi/C composite electrode with
iameter of 3 mm as working electrode, platinum mesh (Alfa Aesar)
s counter electrode and a saturated calomel electrode (SCE, Fisher
cientific) as reference electrode.

.2. Reagents

All chemicals used in this study were of analytical reagent grade
nd used as received. Standard stock solutions of lead and cadmium
1000 mg/L, atomic absorption standard solution) were obtained
rom Kanto Chemical. Glassy carbon powder, bismuth powder,
odium acetate, and acetic acid were purchased from Aldrich. Sup-
orting electrolyte used in the experiments was 0.1 M acetate
uffer (pH 4.5). Terpineol and ethyl cellulose were purchased from
CI. Epoxy (SJ-52-516) and silver paste (SJ-52-512) were obtained
rom Sungji Tech. All solutions are prepared with deionized water
18 M� cm) from a Milli-Q system (Millipore).

.3. Electrode preparation

Bi/C composite paste was prepared by mixing bismuth powder
nd glassy carbon powder with terpineol containing 5% ethyl cellu-
ose. Silver paste was printed on the alumina plate for the electrical
onnection and the Bi/C composite paste, which served as the work-
ng electrode, was formed onto the silver layer. Finally, the epoxy
aste was printed for the insulating layer except on the exposed,
mm diameter sensing area. After the printing step, the Ag and the
poxy were baked at 120 ◦C for 30 min and the Bi/C composite was
aked at 150 ◦C for 30 min.

.4. Procedure

The dissolution of bismuth was performed at 0.3 V (vs. SCE) for
min in 0.1 M acetate buffer solution (pH 4.5). For the reduction
f the dissolved bismuth ions, a cathodic potential of −1.2 V (vs.
CE) was applied to the working electrode for 3 min, without stir-
ing. After deposition of the bismuth, lead and cadmium standard
olutions were added to the cell as required, and a preconcentra-
ion potential of −1.2 V was applied to the working electrode for
min while stirring. After an equilibration time of 10 s, square wave

nodic stripping voltammograms were recorded between −1.2 V
nd −0.3 V without stirring. For repetitive measurements, the elec-
rode was cleaned at −0.3 V for 30 s under stirring conditions to
emove the residual metals. All experiments were done at room
emperature.

r
b
a
i
b

Fig. 1. Cyclic voltammograms of (a) bismuth electrode and (b) Bi/C comp
77 (2009) 1432–1436 1433

. Results and discussion

.1. Electrochemical characterizations of the Bi/C composite
lectrode

Fig. 1(a) and (b) shows the cyclic voltammograms of the bis-
uth and Bi/C composite electrodes containing 50 wt.% bismuth in

.1 M acetate buffer (pH 4.5), respectively. The scan was conducted
rom −0.7 V to 0.3 V and then reversed to the initial potential at
rate of 20 mV/s. In the anodic scan, the voltammograms of both

he bismuth and Bi/C composite electrodes show significant oxida-
ion peaks at −0.15 V, corresponding to the oxidation of bismuth.
n the pH range of 4.0–8.0, the electrochemical reactions can be
epresented as follows [18]:

iO+ + 2H+ + 3e = Bi + H2O

hus, the strong oxidation peaks were associated with the release
f bismuth ions from the bismuth powder to the supporting elec-
rolyte. During the cathodic scan, dissolved bismuth ions in the
upporting electrolyte were reduced to metallic bismuth on the
lectrode surface.

At the bismuth electrode (Fig. 1(a)), no significant change of
eduction peaks was observed in the cathodic region except for
slight increase of cathodic current at potentials more negative

han −0.4 V. This behavior is related to the deposition of dissolved
ismuth ions on the electrode surface [19]. In contrast with the bis-
uth electrode, the Bi/C composite electrode exhibited a couple of

edox peaks, which can be clearly seen in Fig. 1(b). This shows that
he Bi/C composite electrode was a more suitable substrate for bis-

uth deposition than metallic bismuth, as the dissolved bismuth
ons could easily be deposited on the glassy carbon electrode. Both
oltammograms show a crossover between the currents during the
nodic and cathodic scans. The presence of the crossover is a typical
haracteristic of a nucleation and growth process [20,21].

The bismuth electrode was electrochemically oxidized at 0.3 V,
hich is more positive than the bismuth oxidation potential. The

oncentration of dissolved bismuth ions was then measured by ICP-
S. The bismuth ions were actually released from bismuth powder

o the supporting electrolyte during the dissolution procedure.
hen the anodic potential was applied to the bismuth electrode
ith diameter 3 mm in 50 ml of 0.1 M acetate buffer (pH 4.5), the

ismuth concentration increased linearly with oxidation time at a

ate of 4.27 ppb/min. For the evaluation of the naturally dissolved
ismuth, the bismuth electrode was immersed in 50 ml of 0.1 M
cetate buffer (pH 4.5) for 1 h and the concentration of bismuth
ons was also measured. The concentration of naturally dissolved
ismuth was 4.95 ppb. As the bismuth ions were electrochemically

osite electrode in 0.1 M acetate buffer (pH4.5). Scan rate: 20 mV/s.
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at 50 wt.% bismuth, which is equivalent to about 15.7 vol.%. At this
composition, bismuth nanoparticles were the most uniformly dis-
tributed in individual spherical shapes without agglomeration on
the electrode surface.
Fig. 2. SEM images for Bi/C composite electrode (a) before and (b) after anod

eleased into the supporting electrolyte, only a negligible amount
f bismuth in the Bi/C composite electrode was naturally dissolved
n the supporting electrolyte and it rarely affected the total bismuth
on concentration. These results are consistent with the literature
17].

.2. Surface morphologies

Fig. 2(a) is the SEM surface image of the Bi/C composite elec-
rode containing 50 wt.% bismuth before the reduction of released
ismuth ions. White particles are bismuth powders with irregular
hape and size, and spherical gray particles are glassy carbon pow-
ers with 10–40 �m particle size. The SEM surface image of the Bi/C
omposite electrode after reduction of the released bismuth ions at
1.2 V for 3 min is displayed in Fig. 2(b and c). In Fig. 2(b), it is clearly
bserved that the glassy carbon surface is covered with bismuth.
hen the Bi/C composite electrode was oxidized at 0.3 V for 1 min,

he concentration of released bismuth ions was not high enough for
he deposition of bismuth on glassy carbon. Therefore, it is consid-
red that bismuth ions released from the bismuth powder did not
iffuse away from the electrode surface in the still solution. And the

ocal bismuth ion concentration near the electrode surface could
e high enough to cover the whole glassy carbon surface with bis-
uth. When the solution was vigorously stirred, bismuth was not

eposited on the glassy carbon surface at all because the dissolved
ismuth ions were completely scattered, causing insufficient bis-
uth ion concentration near the electrode surface. In contrast, too
any bismuth ions enhanced the nuclei density of bismuth on the

lassy carbon surface and increased the surface coverage of nuclei
21]. Therefore, on the surface of glassy carbon powders adjacent to
he bismuth powder, bismuth was deposited in agglomerates, and
n the glassy carbon apart from the bismuth powder, bismuth was
niformly deposited. Fig. 2(c), the high magnification of Fig. 2(b),
hows bismuth nanoparticles with a size of approximately 300 nm.
he white spots and the gray particles with spherical shape rep-
esent deposited bismuth and the glassy carbon, respectively. The
ismuth nanoparticles were uniformly distributed over the surface

n uniform sizes. Similar nucleation behaviors of bismuth have been
reviously reported; specifically, nitrate solutions of high concen-
ration enhance the nuclei density of bismuth on glassy carbon
lectrodes [22]. Compared with the nucleation models of Scharifker
nd Hills, the bismuth nucleation was consistent with the instanta-
eous nucleation mechanism corresponding to a growth of nuclei
n active sites which all are activated at the same time [23]. More
etailed investigations were not performed in this study. The pres-
nce of bismuth nanoparticles on the glassy carbon resulted in an

ncrease in surface area. This means that the deposition sites of trace

etals were increased and the stripping responses were enhanced
n anodic stripping analysis. In contrast, an increase of bismuth
ontent in composite electrode could lower the conductivity of the
lectrode and deteriorate its sensing performance [17].

F
S
−
i

solution and cathodic reduction procedure at 400× and (c) at 2500× of (b).

.3. Effect of bismuth content in a Bi/C composite electrode

The effect of bismuth content on the stripping response of a
i/C composite electrode was analyzed in solutions of 100 �g/L lead
nd cadmium to obtain the highest stripping response (Fig. 3). In
he absence of bismuth powder, the pure glassy carbon electrode
xhibited a poor performance of 1.32E-6 A and 3.98E-7 A for lead
nd cadmium, respectively. As bismuth content in the electrode
as increased up to 50 wt.%, the stripping responses increased
ue to the increase of active sites resulting from the dissolution
nd reduction of the bismuth powder in the electrode. The bis-
uth ions released from the electrode formed a large number of

anoparticles on its surface at the reduction potential. The increase
n the number of bismuth nanoparticles deposited on the elec-
rode increased the active surface area for the deposition of lead
nd cadmium, which resulted in higher sensitivity in stripping
oltammetry. However, bismuth of more than 50 wt.% in the elec-
rode lowered conductivity and caused agglomeration of bismuth
anoparticles resulting in a smaller active site on the Bi/C com-
osite electrode. As a result, the Bi/C composite electrode with the
igh bismuth content (above 50 wt.%) showed a lower sensitivity.
he pure bismuth powder electrode showed a stripping response
imilar to that of the Bi/C composite electrode containing 25 wt.%
ismuth. Maximum sensitivity of stripping response was obtained
ig. 3. Effects of bismuth content on the peak height for 100 ppb lead and cadmium.
upporting electrolyte: 0.1 M acetate buffer (pH 4.5); preconcentration potential:
1.2 V; preconcentration time: 300 s; frequency: 50 Hz; pulse height: 50 mV; step

ncrement: 5 mV.
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mium can be simultaneously analyzed by the Bi/C composite

F
F

ig. 4. Square wave stripping voltammograms for 100 �g/L lead and cadmium at
i/C composite electrode, unoxidized Bi/C composite electrode and in-situ plated
ismuth film electrde. Other conditions as in Fig. 3.

Due to the irregular shape and size of bismuth powders, the
ctive area of the deposited bismuth can be changed depending
n the electrode preparation. Five different Bi/C composite elec-
rodes containing 50 wt.% bismuth were prepared and their
tripping responses were measured under the same conditions. The
i/C composite showed good reproducibility with standard devia-
ion less than 3% due to the bismuth being redistributed by the
issolution and deposition process.

.4. Comparison of different bismuth-based electrodes

The stripping responses of two other types of Bi/C compos-

te electrodes are shown in Fig. 4. One was a Bi/C composite
lectrode in which the dissolution procedure was not used. The
leaning potential of −0.3 V, which is more negative than the
xidation potential of bismuth, was used for the prohibition of bis-

e
c
f
a

ig. 5. Square wave stripping voltammograms for increasing concentration of lead and ca
ig. 3.
77 (2009) 1432–1436 1435

uth dissolution. In this electrode, only bismuth powders mixed
n the Bi/C composite electrode served as active sites for the
etermination of lead and cadmium. The other electrode was
n in-situ plated bismuth film electrode. For in-situ plating of
ismuth film on the glassy carbon electrode, a 1000 �g/L bis-
uth ion solution was added to the supporting electrolyte. In the

nodic stripping voltammetry performed under the same condi-
ions, all electrodes exhibited well-defined, sharp and undistorted
tripping peaks at −0.55 V and −0.75 V for lead and cadmium,
espectively. The Bi/C composite electrode exhibited the best
erformance due to its large active area, followed by the in-
itu plated bismuth film electrode and the non-oxidized Bi/C
omposite electrode. In contrast to the superior electroanalyti-
al performance of the Bi/C composite electrode, the background
urrent increased at a potential more positive than −0.4 V due
o the oxidation of bismuth. Furthermore, the hydrogen evolu-
ion potential was more positive than that of the in-situ plated
ismuth film electrode. These behaviors of the Bi/C composite
lectrode yielded a narrow potential window. The in-situ plated
ismuth film electrode produced the flattest and least noisy base-

ine and widest potential window, whereas the Bi/C composite
lectrode exhibited the highest stripping responses to lead and
admium.

.5. Calibration data

The simultaneous determination of lead and cadmium with a
i/C composite electrode was performed and the resulting voltam-
ograms are shown in Fig. 5, together with the corresponding

alibration curves. Square wave anodic stripping voltammograms
ere recorded for increasing levels of lead and cadmium in 20 �g/L

teps. In the calibration curves, the plotted values are the aver-
ge values of five repeated measurements. The calibration curves
xhibit excellent linearity with a correlation of 0.999 for lead
nd 0.998 for cadmium. These results show that lead and cad-
lectrode. The peak current increased linearly with metal con-
entration, with a slope of 0.71 �A/�g for lead and 0.26 �A/�g
or cadmium. Detection limits of 0.41 �g/L and 0.49 �g/L for lead
nd cadmium were estimated on the basis of the response for

dmium in 20 �g/L obtained with Bi/C composite electrode. Other conditions as in
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0 �g/L lead and cadmium following a 5 min preconcentration
S/N = 3).

. Conclusions

We developed Bi/C composite electrodes to simultaneously
etermine trace levels of lead and cadmium. Using the developed
i/C composite electrodes, the external addition of bismuth ions

nto the measurement solution was not required due to the in-
itu generation and deposition of bismuth ions. Whereas bismuth
owder showed negligible solubility in 0.1 M acetate buffer (pH
.5), when the Bi/C composite electrode was electrochemically
xidized at a more positive potential than the bismuth oxidation
otential, bismuth ions were released from the bismuth powder
o the supporting electrolyte in proportion to the oxidation time.
hese bismuth ions were deposited on the glassy carbon at the
eduction potential. Interestingly, the bismuth ions did not form
s a bismuth film, but as bismuth nanoparticles which were uni-
orm in size and uniformly distributed over the surface. These
anoparticles resulted in an increase in the electrode surface area
nd stripping response for the stripping voltammetry. The analyt-
cal performance of the Bi/C composite electrode was superior to
he non-oxidized Bi/C composite electrode and the in-situ plated
ismuth film electrode. In contrast, the Bi/C composite electrode
isplayed a narrower potential widow than in-situ plated bismuth
lm electrode. One obvious disadvantage of the Bi/C composite
lectrode was its decreased conductivity; however, a combination
f two separate electrodes, one as the working electrode and the

ther as the ions supplier, can be an effective solution to this prob-
em. The further studies will be focused on real sample analysis
nd detection of other metals (zinc, cobalt, chromium, etc.) by com-
ining with different electrochemical technique such as adsorptive
tripping voltammetry.
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a b s t r a c t

A method for the trace analysis of methylmercury (MeHg) and Hg(II) in water sample was developed,
which involved stir bar sorptive extraction (SBSE) with in situ alkylation with sodium tetraethylborate and
thermal desorption (TD)–gas chromatography–mass spectrometry (GC–MS). The limits of quantification
of MeHg and Hg(II) are 20 and 10 ng L−1 (Hg), respectively. The method shows good linearity and the
correlation coefficients are higher than 0.999. The average recoveries of MeHg and Hg(II) in tap or river
water sample are 102.1–104.3% (R.S.D.: 7.0–8.9%) and 105.3–106.2% (R.S.D.: 7.4–8.5%), respectively. This
simple, accurate, sensitive, and selective analytical method may be used in the determination of trace
amounts of MeHg and Hg(II) in tap and river water samples.
Stir bar sorptive extraction (SBSE)
Thermal desorption (TD)
G
(

© 2008 Published by Elsevier B.V.
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. Introduction

Mercury (Hg) is a well-known environmental pollutant that
xists in three major forms: elemental Hg, a common form in
ir, inorganic Hg(II), and organic Hg, in particular, methylmercury
MeHg) [1]. However some microbes can convert inorganic forms
f mercury into organic forms that can be accumulated by aquatic
ife. And, it has been reported that MeHg is most toxic to human.
o evaluate the potential risks of various Hg species, they must
e determined with highly sensitive and reliable methods. In the
resent study, we focused on the determination of MeHg and Hg(II)

n water sample.
The maximum contaminant level goal (MCLG) is a non-

nforceable level that is based solely on possible health risks and

xposure. In the National Primary Drinking Water Regulations for-
ulated by the Environmental Protection Agency (EPA), MCLG

or mercury in drinking water is set at 2 ng mL−1 [2]. Based on
his MCLG, EPA has set an enforceable standard called maximum

∗ Corresponding author. Tel.: +81 3 5498 5763; fax: +81 3 5498 5062.
E-mail address: nakazawa@hoshi.ac.jp (H. Nakazawa).
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ontaminant level (MCL). MCL for mercury has also been set at
ng mL−1 by EPA, since it is the lowest level to which water sys-

ems can reasonably be required to remove this contaminant should
ccur in drinking water. The World Health Organization (WHO) has
et the guideline value for inorganic mercury in drinking water at
�g L−1 [3]. In Japan, the Ministry of Health, Labour and Welfare of

apan has regulated the standard of water-purity for tap water for
ercury species at 0.5 �g L−1 [4].
Gas chromatography (GC) is generally used for the speciation

f thermally stable and volatile species of Hg. The method gener-
lly involves alkylation of analytes prior to preconcentration [5–9].
ecently, solid phase microextraction (SPME) has been proposed as
n alternative to liquid–liquid extraction (LLE) due to simplicity of
se, high preconcentration ability, and the ability to extract volatile
lkylated species [10]. In addition, the use of headspace solid phase
icroextraction (HS-SPME) for the determination of MeHg or Hg(II)

n water sample has been reported [8,11–14]. More recently, stir bar

orptive extraction (SBSE) was introduced by Baltussen et al. [15],
s another preconcentration technique in which a stir bar coated
ith 50–300 �L of polydimethylsiloxane (PDMS) is employed to

xtract analytes from a variety of matrices [16–18]. In addition, the
se of headspace stir bar sorptive extraction (HS-SBSE) for the trace
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Table 1
Figures of merit of SBSE with in situ derivatization and TD–GC–MS

Compound SIMa (m/z) LODb (ng L−1) LOQc (ng L−1) Range (�g L−1) Correlation coefficient (r) Amount spiked (0.5 g L−1)

Tap water River water

Recovery (%) R.S.D. (%)d Recovery (%) R.S.D. (%)d

MeHg 246, 217 5 20 0.02–5 0.999 102.1 7.0 104.3 8.9
Hg(II) 260, 231 2 10 0.01–5 0.999 105.3 7.4 106.2 8.5

a The underlined number is the m/z of the ion used for quantification.
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b LOD: limit of detection (S/N = 3).
c LOQ: limit of quantification (S/N > 10).
d Recoveries and precision were also examined by replicate analysis (n = 6) of wat

nalysis of MeHg and butyltin species in environmental sample has
een reported [19]. However, HS-SBSE requires an extraction time
f 2 h.

The aim of this study was to determine trace amounts of MeHg
nd Hg(II) in water samples by SBSE with in situ alkylation with
odium tetraethylborate and TD–GC–MS.

. Experimental

.1. Materials and reagents

Methylmercury(II) chloride standard and mercury(II) chlo-
ide standard were purchased from Kanto Chemical Co., Inc.
Tokyo, Japan). Other reagents and solvents were purchased from

ako Pure Chemical Inc. (Osaka, Japan). Sodium tetraethylborate
NaBEt4) was purchased from Hayashi Pure Chemicals Inc. (Osaka,
apan). NaBEt4 was used as the derivatization reagent, and was
issolved in purified water prior to use. The water purification sys-
em was a Milli-Q gradient A 10 equipped with an EDS polisher
Millipore, Bedford, MA, USA).

Calibrators for eight-point calibration (0.02, 0.05, 0.1, 0.2, 0.5,
, 2, and 5 �g L−1) of MeHg and nine-point calibration (0.01, 0.02,
.05, 0.1, 0.2, 0.5, 1, 2, and 5 �g L−1) of Hg(II) were prepared by the
ddition of purified water and calibrators were analyzed by using
BSE with in situ derivatization.

.2. Instrumentation

TD was performed with a Gerstel TDS 2 thermodesorption sys-
em equipped with a Gerstel TDS A autosampler and a Gerstel
ooled Injection System (CIS) 4 programmable temperature vapor-

zation (PTV) inlet. GC–MS was performed with an Agilent 6890N
as chromatograph equipped with a 5973N mass-selective detector
ith an ultra ion source (Agilent Technologies).

Stir bars coated with a 0.5-mm-thick PDMS layer (24 �L;
wisterTM) were obtained from Gerstel (Mülheim an der Ruhr, Ger-
any). The stir bars were conditioned for 1 h at 300 ◦C in a flow

f helium. Then, the stir bars were kept in new 2 mL vials until
mmediately prior to use. The stir bars could be used more than 50
imes with appropriate re-conditioning. For the extraction, a 20-mL
eadspace vial from Agilent Technologies (Palo Alto, CA, USA) was
sed.

.3. TD–GC–MS conditions

The TDS 2 temperature was programmed from 20 (held for

min) to 200 ◦C (held for 5 min) at 60 ◦C min−1. The desorbed
ompounds were cryofocused in the CIS 4 at −150 ◦C. After the
esorption, the CIS 4 temperature was programmed from −150 to
00 ◦C (held for 10 min) at 12 ◦C s−1. Injection was performed in the
plitless mode. Separations were conducted on a DB-1 fused silica

t
M
S
f
s

ples.

olumn (60 m × 0.25 mm i.d., 1 �m film thickness, J&W Scientific,
gilent Technologies). Oven temperature was programmed from 40

o 220 ◦C (held for 2 min) at 10 ◦C min−1. Helium was used as the
arrier gas at a flow rate of 1.0 mL min−1. The mass spectrometer
as operated in the selected ion-monitoring (SIM) mode with elec-

ron ionization (ionization voltage: 70 eV). SIM monitoring ions are
hown in Table 1.

.4. Sample preparation

Ten millilitres of tap water or river water was pipetted into a
0-mL headspace vial. A PDMS stir bar, 2 M sodium acetate buffer
pH 5, 200 �L) for pH adjustment, and NaBEt4 as the derivatization
eagent were added and the vial was crimped with a Teflon-coated
ilicone septum cap. SBSE with in situ derivatization was performed
t room temperature for 15 min while stirring at 1000 rpm. After
he extraction, the stir bar was easily removed with forceps (due to

agnetic attraction), rinsed with purified water, dried with lint-
ree issue, and placed inside a glass TD tube. The TD tube was
hen placed in the TD system where the stir bar was subjected to
D–GC–MS.

. Results and discussion

.1. Optimization of GC–MS conditions

Stir bar sorptive extraction with in situ derivatization followed
y GC–MS analysis of the standard solutions of MeHg and Hg(II) in
he scan mode was performed by EI–MS. The mass spectra of the
erivatives of MeHg and Hg(II) are shown in Fig. 1. As shown in
ig. 1, isotopic ions of mercury were observed. As for mercury, the
aximum isotopic abundance (approx. 29.86%) is 202Hg, following

o 200Hg (approx. 23.1%).
For SIM, the following ions were monitored: m/z 246, 217 for the

erivative of MeHg, and m/z 260, 231 for the derivative of Hg(II). The
nderlined number is the m/z of the ion used for quantification.

.2. Optimization of derivatization conditions

One important parameter affecting SBSE with in situ derivati-
ation was the volume of the derivatization reagent. In this regard,
ptimization of the volume of 0.5% NaBEt4 solution was performed
sing 0.5 �g L−1 standard solutions of MeHg and Hg(II). The deriva-
ives of MeHg and Hg(II) in 10 mL of respective standard solutions,
hich were obtained by SBSE with in situ derivatization, were sub-

ected to TD–GC–MS, and the results are shown in Fig. 2. When

he volume of 0.5% NaBEt4 solution was 10 �L, the derivatives of

eHg and Hg(II) in 10 mL of the respective standard solutions after
BSE with in situ derivatization gave a maximum response. There-
ore, 10 �L was considered to be the optimal volume of 0.5% NaBEt4
olution added.
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Fig. 1. Mass spectra of derivat
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Fig. 2. Optimization of derivatization reagent.

.3. Optimization of SBSE conditions

One important parameter affecting SBSE with in situ derivati-
ation was the extraction time. To optimize the extraction time,
.5 �g L−1 standard solutions of MeHg and Hg(II) were used. The
xtraction time profiles (0–90 min) of MgHg and Hg(II) in 10 mL

tandard solutions that were subjected to SBSE with in situ deriva-
ization were determined by TD–GC–MS, and are shown in Fig. 3.
he derivatives of MeHg and Hg(II) reached equilibrium after
pproximately 15 min. Therefore, this condition was used for the
etermination of MeHg in water samples.

Fig. 3. Optimization of extraction time.

m
[

r

F
s

ive of MeHg and Hg(II).

The extraction times of the HS-SBSE method [13] and the
resent method were 2 h and 15 min, respectively. Clearly,
he present method successfully shortened the extraction
ime.

.4. Figures of merit of SBSE with in situ derivatization and
D–GC–MS for determination of MeHg

The calculated limits of detection (LOD) of the derivatives of
eHg and Hg(II) were 5 and 2 ng L−1 (Hg), respectively, for SBSE
ith in situ derivatization and TD–GC–MS, with the signal to noise

S/N) ratio being 3. In addition, the limits of quantification (LOQ)
f the derivatives of MeHg and Hg(II) when S/N > 10 were 20 and
0 ng L−1 (Hg), respectively. The method showed good linearity over
he calibration range (0.02–5 or 0.01–5 �g L−1) and the correlation
oefficient (r) was higher than 0.999 for all the analytes. The results
re summarized in Table 1. The sensitivity of the present method
as approximately the same as that of the HS-SBSE method [19].
ishra et al. obtained lower LOD in water samples for MeHg but

sing HS-SPME method [8], however the sensitivity of the present

ethod were better than those obtained by other HS-SPME method

13,14].
The recovery and precision of the method were assessed by

eplicate analysis (n = 6) of tap and river water samples fortified

ig. 4. Typically SIM chromatograms of derivative of MeHg and Hg in river water
ample (0.5 �g L−1).
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t 0.5 �g L−1 level. The results are shown in Table 1. The average
ecoveries of MeHg and Hg(II) in tap or river water sample are
02.1–104.3% (R.S.D.: 7.0–8.9%) and 105.3–106.2% (R.S.D.: 7.4–8.5%),
espectively. A typical SIM chromatogram of river water sample
piked with 0.5 �g L−1 MeHg and Hg(II) is shown in Fig. 4. Complete
eparation was achieved. Therefore, the method may be applicable
o the determination of trace amounts of MeHg and Hg(II) in tap
nd river water samples.

. Conclusions

The determination of trace amounts of MeHg and Hg(II) in
ap or river water samples using SBSE with in situ derivatization
nd TD–GC–MS was described. The proposed method has many
ractical advantages, including small sample volume (10 mL) and
implicity of extraction; it is also solvent-free and has high sensi-
ivity. The detection limits of MeHg and Hg(II) were 5 and 2 ng L−1

Hg), respectively. In addition, the present method showed good
inearity and high correlation coefficients. The recovery was high
nd the precision was good for tap and river water samples spiked at
.5 �g L−1 level. This simple, accurate, and highly sensitive method

s expected to have potential applications in various aqueous
amples.
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a b s t r a c t

It was reported that Hcy was related to the development of kidney disease, but it remains unknown
whether Hcy is an independent biomarker for diabetic nephropathy. Analytical method for simulta-
neous determination of aminothiols among the Hcy metabolic cycle is desirable to discover other
potential biomarkers. A high-performance liquid chromatography–electrospray tandem mass spectro-
metric (HPLC–ESI-MS/MS) method was established for simultaneous quantitation of Cysteine (Cys),
total homocysteine (tHcy), S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), cystathionine
(Cysta), methionine (Met), glutathione (GSH) and cysteinylglycine (Cys-gly) in plasma with N-(2-
mercaptopropionyl)-glycine (MPG) as internal standard. The method had simple pretreatment without
derivatization and the chromatograms show better separation of the eight aminothiols and the analytic
time was 20 min. The results demonstrated that it provided an excellent linearity for all analytes over
their respective concentration ranges and illustrated excellent precision and plasma recovery as well.

Then, the method was applied in the case–control study of patients with diabetes mellitus (DM) and
diabetic nephropathy (DN). In conclusion, it is an effective method to quantitate the concentrations of
aminothiols in the human plasma. SAH and SAM were suggested as better potential biomarkers of DM
and DN.
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. Introduction

Diabetes is a complex multisystem disease characterized by
efects in insulin action and secretion, resulting in disturbances

n the metabolism of amino acids, fatty acids and proteins. The
ncidence of diabetes increased exponentially and resulted in an
pidemic prevalence worldwide during the last two decades. In
007, the world is estimated to spend at least US$ 232 billion to
revent and treat diabetes and its complications. By 2025, this

ower bound estimate will exceed US$ 302.5 billion [1]. In times

hen acute metabolic derangements and infections are no longer

he main causes of morbidity and mortality in diabetes, diabetic
ephropathy becomes a major cause of end-stage renal disease

n diabetic patients. The costs society pays for diabetes care are
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ainly related to chronic complications of the disease, such as
ephropathy and cardiovascular diseases. As a result of the large
reponderance of Type 2 and Type 1 diabetes, the most efficient
ay to reduce these costs is to promote increased awareness, and

mplement early detection and aggressive treatment of the accel-
rated chronic complications of Type 2 diabetes [2].

Endogenous low-molecular weight thiol-containing amino
cids play essential roles in a variety of physiological and patho-
ogical processes. Increased total plasma homocysteine has been
dentified as an important risk factor for cardiovascular diseases
3] and it is also associated with the development of nephropathy
4,5]. Homocysteine is either irreversibly catabolized by transsul-
uration to cysteine or remethylated to methionine. Despite the
ecent study by Mann Johannes et al. [6] demonstrated that the

evelopment of renal insufficiency was dependent of the plasma
Hcy concentration, it remains unknown whether tHcy is an impor-
ant and independent biomarker in nephropathy or not. Therefore,

ore attention should be paid to other metabolic intermediates of
omocysteine and methionine.
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Fig. 1. Aminothiols metabolic pathw

Under the action of the methionine transferase (MS), Methio-
ine can be regenerated by the remethylation pathway, which is
lso dependent of the methylenetetrahydrofolate (MTHF) and the
ofactor vitamin B12 (Fig. 1). S-Adenosylmethionine (SAM) can be
onverted to S-Adenosylhomocysteine (SAH) concomitantly by the
ction of methyltransferases (MT). Because SAH acts as a product
nhibitor of MT, the ratio of SAM to SAH is crucial for regulation of

ethylation. Meanwhile, methylation is essential for a lot of cel-
ular processes, such as epigenetic control of gene expression [7]
nd regulation of protein function [8]. Cysteine is a non-essential
mino acid and is found as the component of most proteins, which is
nstable and easily converts into cystine. Otherwise, it is recognized
hat glutathione provides protection against endogenous oxygen
adicals and it is an essential water-phase antioxidant and cofac-
or for antioxidant enzymes. The data available in other literatures
ailed to illustrate the interaction and relationship between these
minothiols in physiological and pathological processes, because
ost reports only pay attention on limited components.
Previous methods reported for the measurement of aminoth-

ols in biological samples mainly include GC–MS [9–11], HPLC with
hotometric detection [12], fluorescence detection [13–15] or elec-
rochemical detection [16,17], ion-exchange chromatography [18],
apillary electrophoresis [19,20] and immunoassays [21]. Each of
hese methods had basic limitations in terms of cost, complexity
f sample pretreatment and/or number of aminothiols simultane-
usly detected. Most methods depend on derivatization because

f lack of the structural features suitable for use of conventional
etectors. There is no doubt that derivatization is time-consuming
nd always has many by-products. Analytical method with sim-
le pretreatment for simultaneous detection and quantitation of
hese aminothiols is desirable. With the development of tandem

2

s
(

able 1
ompound-dependent MS parameters for each analyte.

ompound MRM transition DP (V)

ys-gly 179.2 → 76.0 24
AH 385.2 → 136.2 35
AM 399.3 → 250.2 40
cy 136.1 → 90.0 27
ysta 223.2 → 134.2 33
et 150.0 → 104.0 24
SH 308.2 → 179.2 37
ys 122.0 → 76.0 25
PG 164.2 → 76.2 26
ith enzymes and vitamins involved.

ass spectrometry, HPLC–MS/MS are widely used in the labora-
ories all over the world. It offers unique advantage in the assay
f compounds with chemical instability, high polarity and lack
f chromophore. Until now there is no report of simultaneous
uantification of Cys, tHcy, SAH, SAM, Cysta, Met, GSH and Cys-
ly in human plasma published. The method established using
C–MS/MS can be applied to a study of the pathological mechanism
nd find potential biomarkers of diabetes and diabetic nephropa-
hy.

. Experimental

.1. Reagents and materials

Cysteine (Cys), homocysteine (Hcy), SAM, SAH, cystathion-
ne (Cysta), methionine (Met), glutathione (GSH), cysteinylglycine
Cys-gly), N-(2-mercaptopropionyl)-glycine (internal standard,

PG) and dithiothreitol (DTT) standards were purchased from
igma–Aldrich (St. Louis, MO, USA). The HPLC-grade ammonium
ormate and formic acid were obtained from Merck (Darmstadt,
ermany). The HPLC-grade methanol and the HPLC-MS-grade
cetonitrile were purchased from J.T. Baker (Philipsburg, USA).
ltrapure water (18.2 M� cm−1 resistivity) was prepared with a
illi-Q water purification system (Millipore, France). All chemicals
ere HPLC grade or of the highest purity available.
.2. Equipment and chromatographic–MS conditions

The concentrations of eight thiol amino acids and an internal
tandard in plasma were quantified using an HP1100 HPLC system
Agilent Technologies, Palo Alto, CA, USA) and a PE SCIEX API 3000

FP (V) EP (V) CE (V) CXP (V)

130 6 22 13
138 7.5 23.5 15
160 8.5 22 15
125 5.5 16.5 16
140 5 20 14
120 5 15 18.5
160 10 18 10
135 7 18 13
130 9 14 13
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riple–quadrupole mass spectrometer (PerkinElmer Sciex, Canada)
quipped with an electrospray ionization interface used to generate
ositive ions [M+H]+.

The compounds were separated on a reversed-phase UltimateTM

Q-C18 column (250 mm × 4.6 mm, 5 �m particles, Welch Mate-
ials, Maryland, USA) connected to an Alltech guard column
7.5 mm × 4.6 mm, 5 �m particles) at 30 ◦C. The two mobile phases
onsist of (A) 5 mM ammonium formate and 0.15% (v/v) formic
cid aqueous solution (pH 2.8) and (B) acetonitrile containing 0.15%
v/v) formic acid. Aminothiols were eluted by a linear gradient
ver 20 min with 100% A to 80% A at a flow rate of 0.5 mL/min.
pproximately, 0.1 mL/min of the effluent was introduced into the

nterface of the mass spectrometer by a valved three-way split.
he turbo ion spray interface was operated in positive ion mode
t 5300 V and 350 ◦C. The operating conditions were optimized
y flow injection of a mixture of all analytes as follows: nebulizer
as flow, 8.0 L/min; curtain gas flow, 8.0 L/min; collision gas flow,
.0 L/min.

In the API3000 system, 5 �g/mL aminothiols and the internal
tandard (IS) were respectively, infused into the mass spectrom-
ter to characterize the product ions at a flow rate of 10 �L/min.
hese aminothiols were quantified by multiple reaction monitor-
ng (MRM) of the protonated precursor ion and the related product
on using the internal standard method with peak area ratios. The

ass transition and parameters for each compound were listed in
able 1. Quadrupoles Q1 and Q3 were set on unit resolution and
he analytical data were processed using Analyst software (Applied
iosystems, Foster City, CA, USA) in the API3000 LC–MS/MS
ystem.

.3. Standards preparation

Each of the analysts was dissolved in methanol–water (50:50,
/v) and IS was dissolved in methanol, all of which were 100 �g/mL
nd stored at −20 ◦C. The standard solutions were serially diluted
ith mobile phase A (5 mM ammonium formate and 0.15% formic

cid aqueous solution) containing 100 �g/mL DTT to inhibit oxi-
ation. The concentrations of standard working solutions obtained
ere 0.2, 0.4, 0.8, 1.2, 2, 4, 8 and 16 �g/mL for Cys-gly and Hcy, 2,
, 8, 20, 40, 80, 160 and 320 ng/mL for SAH, 4, 8, 16, 24, 40, 80, 160
nd 320 ng/mL for SAM, 1, 2, 4, 8, 12, 20, 40 and 80 ng/mL for Cysta,
.4, 0.8, 1.2, 2, 4, 8, 10 and 16 �g/mL for Met, 0.1, 0.2, 0.4, 0.6, 1, 2,
and 8 �g/mL for GSH and 1.2, 2, 4, 8, 10, 16, 20 and 32 �g/mL for
ys.

.4. Sample and QC preparation

MPG internal standard working stock solution (25 �g/mL) was
repared and then added 50 �L into 200 �L plasma samples, briefly
ortex-mixed. Following addition of 100 �L DTT (15 mg/mL) and
00 �L methanol, vortex-mixed for 3 min, and then centrifuged at
0000 rpm at 4 ◦C for 15 min. DTT was used to broke the disul-
de bond and stabilize the Hcy monomers, so it is tHcy that
as detected in the plasma samples. The supernatant was trans-

erred into a 1.5-mL polypropylene tube and evaporated under
entle stream of nitrogen at room temperature. Before analysis, the
esidue was reconstituted into 100 �L of mobile phase A contain-
ng 10 �g/mL DTT by vortex-mixing for 1 min. Finally, 20 �L of the
olution were injected into the column.

Quality control samples were prepared in 200 �L of blank

uman plasma by adding 100 �L of standard solution. Samples
ere prepared for low, intermediate, and high concentration to

valuate the intra- and inter-day precision and accuracy of the assay
ethod. The treatment of QC was as same as the samples described

bove.

i
i
t
t
t
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.5. Calibration and linearity

Calibration curves were constructed of eight standard concen-
rations (described in Section 2.3.) of the aminothiols (Cys-gly, SAH,
AM, Hcy, Cysta, Met, GSH and Cys) and analyzed for three runs. For
ach curve, the absolute peak area ratios of the aminothiol to the IS
ere calculated and plotted against the nominal aminothiol con-

entration. The concentrations of each analyte were determined
sing the equations of linear regression obtained from the calibra-
ion curves.

.6. Method validation

Precision and accuracy were determined by the analysis of QC
amples spiked with three concentrations listed in Table 2. Six repli-
ate QC samples at each concentration were evaluated on the same
ay for intra-day precision, while repeated analysis of medium con-
entration of QC samples twice per day over three consecutive days
or inter-day precision (n = 6). The precision of the intra- and inter-
ay assay validation was estimated using the inverse prediction of
he concentration of the quality controls from the calibration curve.
tandard deviations and relative standard deviations (% R.S.D.) were
alculated from the QC values and used to estimate the inter- and
ntra-day precision.

The recovery was estimated by analyzing healthy subjects
lasma spiked at three concentrations of QC samples and unspiked
lasma samples, which can be determined by comparing the
ominal aminothiol concentration, calculated as the sum of the
oncentrations in unspiked plasma and the spiked QC concentra-
ion, to their measured concentrations. Measured concentrations
ere defined as 100%. Means, standard deviations and relative stan-
ard deviations were calculated.

The stability of aminothiols for 0, 2, 4, 8, 16 and 24 h at −20 ◦C
n plasma was determined by repeated analysis of the medium
oncentration QC samples.

.7. Clinical application

The patients were diagnosed according to the standard of
ogenson [22]. Here, we collected blood of healthy subjects (con-

rol, n = 30), patients with DM (n = 20) and DN (n = 30). The blood
amples centrifuged to obtain plasma in the hospital and then sent
o our laboratory. All the plasma samples were stored at −80 ◦C
ntil analyzed. The plasma concentrations of all aminothiols were
uantified as described above.

A Student’s unpaired t-test was performed to assess mean dif-
erences between plasma aminothiols concentrations of controls,
M and DN using Excel (version 2003 for Windows XP, Microsoft
ffice Software). Statistical significance was set at P < 0.05.

. Results and discussion

.1. Optimization of chromatography conditions

The study of aminothiols separation gives rise to three main
ifficulties: firstly, they are all high polarity compounds; sec-
ndly, most of them are lack of chromophore; lastly, they are
nstable. The hydrophilic column was chosen over standard
everse-phase columns due to the better ion-exchange properties,
hich can help overcoming the minimal retention of aminoth-
ols in reversed-phase HPLC. Prolonged retention on the column
s particularly beneficial in analysis of plasma samples in order
o avoid co-elution with early eluting endogenous compounds
hat produce ion suppression. In the research, we evaluated
hree hydrophilic chromatography columns, including Alltima
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Table 2
Precisions and recoveries.

Compound spiked concentration (ng/mL) Intra-day (n = 6) Inter-day (n = 6) R.S.D. (%)

Recovery (%) R.S.D. (%)

Cys-gly
400 92.56 1.20

6.731,200 90.52 6.04
4,000 87.20 9.26

SAH
4 87.24 7.06

3.8240 95.26 1.40
160 90.54 5.55

SAM
8 85.54 4.80

6.9124 92.36 6.10
80 85.56 9.87

Hcy
400 88.80 2.60

8.341,200 89.48 7.50
4,000 88.82 1.71

Cysta
4 95.67 4.45

6.0712 98.90 4.93
40 87.14 5.44

Met
400 99.09 5.24

6.781,200 104.23 3.25
4,000 103.94 3.80

GSH
200 82.72 2.23

6.44600 94.34 6.10
2,000 109.71 3.71
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ys
4,000
8,000

16,000

P HILIC (250 mm × 4.6 mm, 5 �m particles, Alltech Associates,
eerfield, IL, USA), Ultimate AQ-C18 (150 mm × 2.1 mm, 5 �m par-

icles, Welch Materials, Maryland, USA) and Ultimate AQ-C18
250 mm × 4.6 mm, 5 �m particles, Welch Materials, Maryland,
SA). The latter is the most suitable for separate aminothiols we

nterested. Representative chromatograms of eight aminothiols
ith IS in the plasma from healthy subjects are shown in Fig. 2. The

etention times for Cysta, Cys, Cys-gly, Hcy, SAM, Met, GSH, SAH,
nd IS were approximately 6.5, 6.9, 8.1, 8.2, 8.7, 12.4, 13.2, 15.6 and
8.5 min, respectively. Most analysts can be completely separated
esides Cys-gly and Hcy. Then, 1-�g/mL Hcy standard solution was
etected using this method and there were no ion intensities avail-

ble for Cys-gly. Similarly, 1-�g/mL Cys-gly standard solution was
lso detected. The results illustrated that the interference between
cy and Cys-gly was less than 1‰. The different precursor ion and
roduct ion were chosen for Cys-gly and Hcy under MRM mode,
esulting there is little interference and effect with each other.

ig. 2. Total ion chromatogram (TIC) of eight aminothiols and internal standard in
lasma: (1) Cysta; (2) Cys; (3) Cys-gly; (4) Hcy; (5) SAM; (6) Met; (7) GSH; (8) SAH;
9) MPG.
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86.21 2.40
8.3185.10 7.64

86.25 4.87

The separate of these aminothiols is sensitive to pH value of
he mobile phase. The ion intensities are inverse ratio to the
H value, but the use of such acid solution should obtain the
H compatible with the column specifications. After investigating
he combination and concentration of formic acid and ammo-
ium formate, 0.15% (v/v) formic acid aqueous solution with
mM ammonium formate (mobile phase A) was proved to be the
est condition. Addition of 0.15% formic acid to both the mobile
hase resulted in greater retention on the column due to ion
airing interaction and without having any effect on ion suppres-
ion.

Several reports dealing with the quantitation of endogenous
ompounds had no internal standard and only relied on linear-
ty of signal versus concentration [23,24], which were no doubt
ecreasing the accuracy. Cysteamine, N-acetylcysteine and N-(2-
ercaptopropionyl)-glycine are widely used as internal standard

f homocysteine and other aminothiols. We found the latter had
he most suitable retention time in our chromatography condi-
ion, so N-(2-mercaptopropionyl)-glycine was chose to increase the
recision of analytical method, which is structural analogue of the
nalytes and has the same efficiency of ESI ionization as the analytes
25].

.2. Optimization of mass spectrometry conditions

Both positive and negative ion modes were optimized, respec-
ively. We found that most of the aminothiols have provided
etter sensitivity and lower limit of quantification under posi-
ive ion mode. The expected [M+H]+ protonated molecules for
ysta, Cys, Cys-gly, Hcy, SAM, Met, GSH, SAH, and IS observed in

he experiment matched the theoretical masses. Optimal MRM
ransitions were determined as follows: Cysta, 223.2 → 134.2
[M+H]+ –C3H7NO2); Cys, 122.0 → 76.0 ([M+H]+ –HCO2H); Cys-gly,
79.2 → 76.0 (glycine); Hcy, 136.1 → 90.0 ([M+H]+ –HCO2H); SAM,
99.3 → 250.2 (adenosine); Met, 150.0 → 104.0 ([M+H]+ –HCO2H);
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Table 3
Quantification results of control–case study of DM and DN (P% = 95).

Compound Concentration (mean ± t × s/
√

n)

Control (n = 30) DM (n = 20) DN (n = 30)

Cys-gly (�mol/L) 8.25 ± 0.54 6.97 ± 0.95a 5.56 ± 0.72a

SAH (nmol/L) 11.04 ± 1.87 16.25 ± 3.02a 42.11 ± 2.75a,b

SAM (nmol/L) 29.48 ± 2.19 35.77 ± 4.45a 51.41 ± 6.16a,b

Hcy (�mol/L) 4.95 ± 0.60 6.07 ± 1.20 8.54 ± 1.03a

Cysta (�mol/L) 21.23 ± 3.51 27.69 ± 4.93 31.00 ± 3.20
Met (�mol/L) 21.50 ± 1.87 19.07 ± 2.67 17.63 ± 1.34a

GSH (�mol/L) 2.94 ± 0.31 2.46 ± 0.31 2.16 ± 0.28a

Cys (�mol/L) 72.32 ± 5.68 89.67 ± 15.94a 102.98 ± 13.21a

S a,b
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AM/SAH 3.75 ± 0.85

a Compare with control, P < 0.05 (Student’s unpaired t-test).
b Compare with DM, P < 0.05.

SH, 308.2 → 179.2 (cys-gly); SAH, 385.2 → 136.2 (adenine); MPG,
64.2 → 76.2 (glycine). They were chosen for quantitation because
ll the product ions were the most abundant ion. The factors, such
s retention times, separations, ion intensities were taken into
ccount and the optimal chromatographic conditions were deter-
ined as described in Section 2.2.

.3. Calibration curves

The linear regression analysis was constructed by plotting
he analyte/IS peak-area ratio versus analyte concentration
ng/mL). The range of concentrations was found to be suitable
or the analysis of clinical samples. The regression equation
f these curves and their correlation coefficients (r2) were
alculated as follows: Cys-gly, y = 8.12 × 10−4x − 4.54 × 10−2,
2 = 0.999; SAH, y = 1.22 × 10−3x + 7.45 × 10−3, r2 = 0.999; SAM,
= 2.62 × 10−3x − 1.48 × 10−2, r2 = 0.997; Hcy, y = 8.40 × 10−4x
7.25 × 10−2, r2 = 0.997; Cysta, y = 1.09 × 10−3x − 6.65 × 10−4,

2 = 0.999; Met, y = 1.10 × 10−3x − 1.71 × 10−1, r2 = 0.999; GSH,
= 7.20 × 10−4x − 2.31 × 10−2, r2 = 0.999 and Cys, y = 1.63 × 10−4x
1.20 × 10−2, r2 = 0.997. The error for back-calculated concentra-

ion of each calibration point was within 10%.

.4. Limits of detection

Signals three times higher than the peak noise height were
egarded as the limit of detection (LOD). The LOD were 0.1 ng/mL
or Cys, 0.25 ng/mL for SAH, SAM and Cysta, 0.5 ng/mL for Cys-gly
nd Met, 1 ng/mL for Hcy and GSH, respectively.

.5. Precision, extraction recovery and stability

The data from QC samples were calculated to estimate the
ntra-day precision, inter-day precision, extraction recoveries and
tabilities. The results are listed in Table 2.

The QC samples were stored at −20 ◦C and detected at differ-
nt times over 24 h. No degradation was observed. Therefore, the
esults showed good stability of these analytes during treatment
nd storage.

.6. Case–control study of diabetic nephropathy (DN)

Table 3 summarizes the results of eight aminothiols measured
n the controls, patients with DM or DN groups. Concentrations of

AH and SAM showed clear increase in relation to the development
f renal function. Increase of plasma concentrations of Cys, tHcy as
ell as decrease of Cys-gly, Met, and GSH were very common in
N patients. There was no significant change of the plasma Cysta
oncentration.

m
�
i
C
c

2.59 ± 0.60 1.28 ± 0.21

The main reason why plasma tHcy in patients with renal failure
ncreased remarkably is that the diminished renal clearance of the
lasma. When the plasma is not filtered, the parenchymal cells of
idney do not take up and metabolize the plasma tHcy. According to
he Hcy metabolic cycle, Met should be regenerated from Hcy by the
emethylation pathway using new methyl groups in the folate coen-
yme system, such as N5-methyl-THF, or using preformed methyl
roups [26]. Met plasma concentration was decreased, while the
Hcy concentration was increased in the patients of our study. It is
resumed that the disturbed Hcy metabolism in the patients with
iabetes or diabetic nephropathy due to the failure of regenera-
ion from Hcy. Hence, tHcy might not be the only biomarker for the
evelopment of DN and was also related with the other metabolites

n the Hcy metabolic cycle.
SAH concentration was remarkably increased in the patients

ith DN since that the kidney was reported to be the only
oute for SAH removal from plasma [27]. Additionally, accumu-
ated Hcy could result in the secondary accumulation of SAH,
ecause of the disturbance of Met synthesis in the Hcy metabolic
athway [28]. Increased SAH concentration could inhibit cellular
ethyltransferase, leading to SAM accumulation [29]. However,

he SAM-dependent methylations are essential for biosynthesis of
variety of cellular components including creatine, epinephrine,

arnitine, phospholipids, DNA and RNA. SAM and SAH concen-
rations in plasma had significant difference between control
nd DM, as well as between DM and DN group in the experi-
ent. However, tHcy had just conspicuous change between control

nd DN group. Therefore, SAM and SAH were suggested bet-
er potential biomarkers for early diagnosis of DM and DN than
Hcy.

The ratio of SAM to SAH, also called “methylation index”, may
ave an important effect on methyltransferase reactions [30]. The
esults (Table 3) show a dramatical decrease of SAM/SAH in the
atients with nephropathy. These patients were suggested to have

ess methylation potential in the cell. It corresponded with the
ypothesis of Stabler and Allen [31], who indicated that renal fail-
re could result in increasing SAH and decreasing the SAM/SAH
atio.

GSH is given the role in the protection against oxidative stress
nd detoxification of xenobiotics, and low GSH has been found in
lasma from patients with kidney disease [32]. The body’s capacity
o function with low concentrations of Hcy and Cys is facilitated
y its ability to store Cys as GSH. Kidney disfunction is thought
o be associated with disordered metabolism of Cys. GSH and its
etabolite, Cys-gly can be a source of Cys to tissues via the action of
-glutamyltranspeptidase and dipeptidases. The enzymes involved

n the Cys catabolism are rapidly decreased, resulting in increasing
ys and tHcy concentrations, as well as depleting GSH and Cys-gly
oncentrations [33].
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. Conclusion

A few reports have shown some comparison studies among
large number of methods used for Hcy and other aminoth-

ols measurements. It is obvious that HPLC–MS/MS becomes a
eference tool since it allows simultaneous detection of sev-
ral metabolites in a single chromatographic acquisition and it
s able to monitor selected mass ions of a fragmented par-
nt ion. The HPLC–ESI-MS/MS method is effective to determine
early all the aminothiols metabolites simultaneously among
he sulfur amino acid metabolic pathway, namely as Cysteine,
omocysteine, S-adenosylmethionine, S-adenosylhomocysteine,
ystathionine, methionine, glutathione and cysteinylglycine in
lasma with N-(2-mercaptopropionyl)-glycine as internal stan-
ard. The method offers several attractive features, including

ncreased sensitivity, high specificity, shortened run time, simple
ample processing without corrosive and expensive chemicals.

Based on case–control study of aminothiols metabolites, we do
ot believe Hcy is an independent factor with the development of
M and DN and also associated with other metabolites in the Hcy
etabolic cycle. The variability of SAH and SAM with the develop-
ent of DN is more sensitive than tHcy, suggesting SAM and SAH

hould be better biomarkers of DM and DN.
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a b s t r a c t

A simple and reliable one-pot approach was established for the development of a novel hydrogen per-
oxide (H2O2) biosensor based on in situ covalent immobilization of horseradish peroxidase (HRP) into
biocompatible material through polysaccharide-incorporated sol–gel process. Siloxane with epoxide ring
and trimethoxy anchor groups was applied as the bifunctional cross-linker and the inorganic resource
for organic–inorganic hybridization. The reactivity between amine groups and epoxy groups allowed the
covalent incorporation of HRP and the functional biopolymer, chitosan (CS) into the inorganic polysilox-
ane network. Some experimental variables, such as mass ratio of siloxane to CS, pH of measuring solution
and applied potential for detection were optimized. HRP covalently immobilized in the hybrid matrix
ol–gel
hitosan
orseradish peroxidase
ydrogen peroxide

possessed high electrocatalytic activity to H2O2 and provided a fast amperometric response. The lin-
ear response of the as-prepared biosensor for the determination of H2O2 ranged from 2.0 × 10−7 to
4.6 × 10−5 mol l−1 with a detection limit of 8.1 × 10−8 mol l−1. The apparent Michaelis–Menten constant
was determined to be 45.18 �mol l−1. Performance of the biosensor was also evaluated with respect to
possible interferences. The fabricated biosensor exhibited high reproducibility and storage stability. The
ease of the one-pot covalent immobilization and the biocompatible hybrid matrix serve as a versatile

obiliz

t
s
e
m
m
e
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–
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platform for enzyme imm

. Introduction

The determination of hydrogen peroxide (H2O2) is extensively
tudied in clinical diagnostics, chemical and pharmaceutical indus-
ry, environmental control. Amperometric biosensors based on
orseradish peroxidase (HRP) have emerged as the most conve-
ient tools for H2O2 determination due to the simplicity, high
ensitivity and selectivity [1–5]. To improve the performance and
ong-term stability of the enzyme electrode, effective immobiliza-
ion of HRP onto the transducer surface through suitable matrix is
f great significance.

In recent years, microencapsulation of enzyme in the silica
ol–gel matrix has applied as a new platform for the fabrication

f biosensors. Typically, those sol–gel matrices possess physical
igidity, chemical inertness, high photochemical biodegradation
nd negligible swelling in aqueous and organic solutions [2,6–9].
owever, silica sol–gel matrices are mainly prepared by using
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ation and biosensor fabricating.
© 2008 Elsevier B.V. All rights reserved.

etramethoxysilane (TMOS) or tetraethoxysilane (TEOS) as precur-
or. The poor water solubility of such precursors usually involves
nzyme immobilization in organic solvents. Therefore, develop-
ent of enzyme biosensors based on biocompatible silica sol–gel
atrix has attracted increasing attention recently. Despite the

ffects of designing new precursors with improved water solubility
nd biocompatibility [2,10], silica-based organic–inorganic hybrids
re adopted as attractive materials for biosensor fabricating [7,11].

As a biopolymer containing functional groups of –OH and
NH2, chitosan (CS) remains a focus of study as promising matrix
or enzyme immobilization due to the unique characteristics
1,11–15]. Recently, CS-based organic–inorganic hybrid materials
ave been widely developed as functional biomaterials [2,11,16,17].
he formed organic–inorganic hybrid could overcome the disad-
antages of pure CS materials such as unsatisfying mechanical
roperty, swelling, and solubility in acidic conditions. For example,

ang and Zhang developed a new amperometric H2O2 biosen-

or based on sol–gel process of THEOS in the presence of CS. HRP
ntrapped in the hybrid matrix could retain its native biocatalytic
ctivity and provide a fast amperometric response to H2O2 [2].
espite the formation of hydrogen bonds for preparing CS-based
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ybrid materials, cross-linked organic–inorganic hybridization
sing epoxy–siloxane is proposed in the pioneering works of Liu
nd Shirosaki [18–20]. In situ cross-linking of CS and the forma-
ion of hybrid using the reactivity between amine groups and
poxy groups have been revealed by a set of investigation such
s 29Si NMR, scanning and transmission electronic microscopy.
oreover, the hybrid membrane has been proved to possess high

ydrophilicity and good cytocompatibility. Very recently, we have
eveloped a new approach for direct preparation of porous func-
ional matrix based on surface imprinting coating technique and
uch CS-incorporated sol–gel process [21,22].

In this investigation, a novel H2O2 biosensor was devel-
ped based on in situ covalent immobilization of HRP by
ne-pot polysaccharide-incorporated sol–gel process. The silox-
ne with epoxide ring and trimethoxy anchor groups, �-
lycidoxypropyltrimethoxysiloxane (GPTMS), was applied as a
ifunctional cross-linker. The reactivity between amine groups
nd epoxy groups offered simple and convenient methodology for
ovalent incorporation of CS and HRP into inorganic polysiloxane
etwork. Such CS-incorporated sol–gel process was easily car-
ied out in aqueous medium without the addition of any organic
olvents. Due to the covalent immobilization of HRP, signal loss
esulting from the leaching out of enzyme from the electrode could
e avoided. The fabricated H2O2 biosensor showed promising per-
ormance. The preparation methodology and main characteristics
ere described and discussed in detail.

. Experimental

.1. Reagents

Horseradish peroxidase (EC 1.11.1.7, RZ > 3.0, 250 U mg−1) was
btained from Boao Biotechnology Co. Ltd., China. CS with 98%
eacetylation and an average molecular weight of 6 × 104 g mol−1

Yuhuan Biomedical Corp., China) and GPTMS (Alfa aesar) were
sed in this study. All other chemicals were of analytical reagent
rade and used without further purification. Hydrogen peroxide
olutions were prepared freshly using a 30% H2O2 solution (Nanjing
hemical Reagent Factory, China), and the concentration of H2O2
olution was determined by titration with KMnO4. The 0.02 mol l−1

hosphate buffer solutions (PBS) at various pH values were pre-
ared by first mixing the stock solutions of NaH2PO4 and Na2HPO4.
hen the pH was adjusted with 0.10 mol l−1 NaOH or H3PO4. Double
istilled water (DDW) was used throughout this work.

.2. Apparatus and instrumentations

Amperometric and cyclic voltammetric experiments were
erformed on a CHI 832B electrochemical analyzer and electro-
hemical impedance spectroscopy (EIS) was performed on a CHI
60C electrochemical analyzer (Shanghai CH Instrument Company,
hina). A conventional three-electrode system was used with bare
lass carbon electrode (GCE) or modified GCE as the working elec-
rode, Ag/AgCl electrode (saturated with KCl) or saturated calomel
lectrode (SCE) as the reference electrode, and platinum wire as
uxiliary electrode.

.3. Preparation of the H2O2 biosensor

Prior to use, bare GCE was polished with 1.0, 0.3, 0.05 �m

-Al2O3 slurry. The obtained electrode was rinsed with DDW fol-

owed by sequential sonicating in acetone, ethanol and DDW. The
RP-modified electrode was prepared by a simple casting method.
riefly, the CS stock solution (2.0 wt%) was firstly prepared by dis-
olving CS in 0.05 mol l−1 acetic acid. After stirring for 1 h, CS/HRP

G
A
p
r
G
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olution was obtained by blending such CS solution with 5 mg ml−1

RP solution at a volume ratio 2:1 (v/v). Using mass ratio of GPTMS
o CS of 3:2, GPTMS was then added. The resulting gel (10 �l) was
apidly deposited onto the pre-treated GCE surface and was dried
or 10 min at room temperature. Afterwards, the enzyme electrode
as thoroughly immersed in 0.02 mol l−1 PBS (pH 7.0) to wash out

he non-immobilized enzyme from the electrode surface.

.4. Characterization of the H2O2 biosensor

Cyclic voltammetric experiments were carried out in quiescent
olutions with the scan rate of 50 mV s−1. In steady-state ampero-
etric experiments, the potential was set at 0.05 V under magnetic

tirring. All potentials were reported versus the Ag/AgCl reference
lectrode. EIS was performed in 1.0 mmol l−1 K3Fe(CN)6/K4Fe(CN)6
1:1) mixture containing 0.1 mol l−1 KCl with the frequencies rang-
ng from 104 to 10−1 Hz. Saturated calomel electrode was used as
he reference electrode.

. Results and discussion

.1. Fabrication of the H2O2 biosensor

In the present investigation, in situ covalent immobilization of
RP via one-pot polysaccharide-manipulated sol–gel process was
sed for the fabrication of HRP/CS/GPTMS/Au biosensor. Due to the
ossession of epoxy group and trimethoxy anchor groups, GPTMS
cted as both inorganic resource and bifunctional cross-linker.
n the one hand, polysiloxane network for the organic–inorganic
ybrid formed resulting from self-hydrolysis and self-condensation
f GPTMS. On the other hand, the reactivity between amine groups
nd epoxy groups offered simple and convenient methodology for
ovalent incorporation of CS and HRP into the inorganic framework
18–22].

The advantages of the strategy for fabricating H2O2 biosen-
or come from the following three aspects. Firstly, the proposed
trategy was simple and mild. No addition of organic solvents and
ther catalysts were involved in CS-manipulated sol–gel process
23,24]. It was different from the microencapsulation of enzyme
sing sol–gel process of TMOS or TEOS. Secondly, a versatile way
or the fabrication of biosensors using covalent incorporation of
he enzyme was developed. The reactivity of amine groups on the
nzyme molecules appears to be universal [25–29]. The reaction
etween such amine groups and epoxy groups allowed in situ cova-

ent incorporation of HRP and CS into the inorganic polysiloxane
etwork. Thirdly, the CS/GPTMS hybrid materials have been proved
o possess high hydrophilicity [20].

.2. Effect of the mass ratio of GPTMS/CS in casting solution on
he characteristics of the biosensor

In the present investigation, the electrode was modified with
RP/CS/GPTMS hybrid film. The characteristics of the deposited
ybrid film could be controlled by changing the mass ratio of
PTMS to CS in casting solution. The modified electrodes prepared
ith different ratio of GPTMS/CS were investigated by evaluating

he peak current to 15 �mol l−1 H2O2 in the presence 1.0 mmol l−1

4Fe(CN)6. The concentration of all CS stock solutions was con-
rolled at 2.0 wt%. Results were shown in Fig. 1. The mass ratios of

PTMS to CS were 1:2, 1:1, 5:4, 3:2, 7:4, 2:1 and 5:2, respectively.
s shown, the molar ratios of GPTMS to CS greatly influenced the
erformance of the biosensor. It was found that too low GPTMS/CS
atio resulted in thin and unstable CS films. With the increase of
PTMS/CS ratio, the thickness of the hybrid films increased and the
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ig. 1. Effect of the mass ratio of GPTMS/CS on the peak current of the
RP/CS/GPTMS-modified electrode to 15 �mol l−1 H2O2 in 0.02 mol l−1 PBS (pH 7.0)
ontaining 1.0 mmol l−1 K4Fe(CN)6 at the applied potential of 0.05 V versus Ag/AgCl.

ttachment of the films to electrode became tight. However, too
hick film by high GPTMS/CS ratio would result in large noise and
low response of biosensors [30]. To make stable biosensors with
ast and large response, a mass ratio of GPTMS to CS of 3:2 was
elected for further investigation.

.3. Electrochemical characteristics of the developed H2O2
iosensor

The electrocatalytic behavior of HRP covalently incorporated
n the hybrid material was evaluated by cyclic voltammetry.
ince the proposed HRP electrode did not show direct elec-
ron transfer between immobilized HRP and GCE, K4Fe(CN)6 was
sed as the electron mediator. Cyclic voltammograms (CVs) of
he HRP/CS/GPTMS-modified electrode in 0.02 mol l−1 PBS (pH

−1
.0) were given in Fig. 2. When 40 �mol l H2O2 was intro-
uced, an obvious electrocatalytic response was observed with the

ncrease of reduction current and the decrease of oxidation cur-
ent. The response process of the biosensor may be expressed as

ig. 2. CVs of the HRP/CS/GPTMS-modified electrode in 0.02 mol l−1 PBS (pH 7.0)
ontaining 1.0 mmol l−1 K4Fe(CN)6 at a scan rate of 50 mV s−1 (a) without H2O2 and
b) with 40 �mol l−1 H2O2.

t
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f
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ig. 3. Typical CVs of the HRP/CS/GPTMS-modified electrode in 0.02 mol l−1 PBS
pH 7.0) containing 1.0 mmol l−1 K4Fe(CN)6 under different scan rates from 10 to
00 mV s−1. Inset showed the plots of peak current versus the square root of the
can rate.

ollows [31,32]:

2O2 + 2Fe(CN)6
4− + 2H+ HRP−→2H2O + 2Fe(CN)6

3−

In the presence of immobilized HRP, K4Fe(CN)6 was oxidized to
3Fe(CN)6 and K3Fe(CN)6 was subsequently reduced at the surface
f the electrode.

The CVs of the developed biosensor to various scan rates were
lso investigated. As shown in Fig. 3, well-characterized redox
eaks were observed when scan rate ranged from 10 to 300 mV s−1.

n addition, it was found from inset that the peak currents were
roportional to the square roots of the scan rates, which showed a
ypical diffusion-controlled electrochemical behavior.

EIS has been used to characterize the interface properties of
he modified electrodes. Fig. 4 showed the typical results of AC

mpedance spectra of the bare GCE (curve a), CS/GPTMS/GCE
curve b), and HRP/CS/GPTMS/GCE (curve c). The electron trans-
er resistance (Ret) of a bare GCE was estimated to be 1172 �.
fter CS/GPTMS hybrid film formed on the surface of GCE, the

ig. 4. EIS for (a) bare GCE, (b) CS/GPTMS/GCE, and (c) HRP/CS/GPTMS/GCE in a solu-
ion of 0.1 mol l−1 KCl containing 1.0 mmol l−1 Fe(CN)6

3− and 1.0 mmol l−1 Fe(CN)6
4−

ith SCE as the reference electrode.
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Fig. 5. (a) Typical amperometric response of the fabricated biosensor to succes-
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alue of Ret was found to be 3703 �, implying CS/GPTMS hybrid
lm that obstructs the electron transfer of the electrochemical
robe. When HRP was incorporated into the hybrid material, the
et of HRP/CS/GPTMS/GCE electrode was calculated and equalled
o 8409 �. The increase of Ret resulted from the hindered pathway
f electron transfer by HRP. The results demonstrated that HRP was
uccessfully immobilized into the CS/GPTMS hybrid film.

.4. Influence of pH and applied potential on biosensor response

The dependence of the biosensor response on pH of the mea-
urement solution was investigated. The pH of the solution ranged
rom 6.0 to 8.0. The current response increased from pH 6.0
nd reached the maximum at pH 7.0. Then, the current response
ecreased from pH 7.0 to 8.0. Therefore, the suitable pH with the
aximum activity of the immobilized HRP was at pH 7.0, which
as in agreement with that reported for soluble HRP [2]. The cova-

ent immobilization of HRP and the GPTMS/CS hybrid matrix did
ot alter the optimal pH value for the catalytic behavior of HRP.

Further studies were performed to investigate the dependence
f the biosensor response on the applied potential. Amperometric
esponses of the proposed biosensor to H2O2 at different potentials
ere examined. Results showed that applied potential possessed

ignificant effect on the response of the biosensor. Little current
as seen at 0.20 V, but current was highly increased at 0.10 V. The

urrent response arrived at a maximum value at 0.05 V and a flat
tep was observed from −0.05 to −0.15 V. As a result, the operating
otential of 0.05 V was determined to give a good sensitivity for
urther study.

.5. Amperometric response of the developed H2O2 biosensor

Amperometric response of the HRP/CS/GPTMS/GCE electrode to
uccessive addition of H2O2 in 0.02 mol l−1 PBS (pH 7.0) containing
.0 mmol l−1 K4Fe(CN)6 was given in Fig. 5. The concentration of
2O2 in the solution was also indicated in Fig. 5. When H2O2 was
dded to the stirring PBS, the biosensor responded rapidly and 95%
f the steady-state current could be obtained within 5 s (Fig. 5a).
uch a rapid response could attribute to the fast diffusion of the
ubstrate in the porous and open frameworks of sol–gel hybrid
lm. Moreover, well-defined current proportional to H2O2 con-
entration has been observed. Fig. 5b displayed calibration curve
f the amperometric response of the biosensor to the concentra-
ion of H2O2. Inset showed the linear part of the calibration curve.
he linear range of the proposed biosensor for the determination
f H2O2 was found to be 2.0 × 10−7 to 4.6 × 10−5 mol l−1 with a
lope of 84.3 �A ml mol−1 and a correlation coefficient of 0.9991
n = 26). The detection limit of 8.1 × 10−8 mol l−1 was estimated at
signal-to-noise ratio of 3.

When H2O2 concentration was larger than 4.6 × 10−5 mol l−1,
he current response showed a level-off tendency and the curve
ended to maximum at 8.8 × 10−5 mol l−1 H2O2, demonstrating the
ypical Michaelis–Menten kinetic characteristic of enzyme-based
lectrode.

The apparent Michaelis–Menten constant (Kapp
M ) can give an

ndication of the enzyme–substrate kinetics. It could be calculated
rom the electrochemical version of the Lineweaver–Burk equation
33]:

1 1 Kapp
Iss
=

Imax
+ M

ImaxC

where Iss was the steady-state response current after the addi-
ion of substrate, Imax was the maximum current measured under
aturated substrate conditions, C referred to the bulk concen-

e
f
t
t
t

ive addition of H2O2 into stirring 0.02 mol l PBS (pH 7.0) containing 1.0 mmol l
4Fe(CN)6. Applied potential was 0.05 V versus Ag/AgCl and (b) calibration curve
etween the current and the concentration of H2O2. Inset showed the linear part of
he calibration curve.

ration of the substrate. In our work, Kapp
M was estimated to be

5.18 �mol l−1. This value was much smaller than HRP entrapped in
HEOS–CS gel and TMOS sol–gel [2,34], indicating that the present
lectrode exhibits a higher affinity for H2O2. The covalent immobi-
ization of HRP for the fabrication of as-prepared electrode appears
o be beneficial to improve biosensor’s performance.

.6. Reproducibility and stability of the developed H2O2 biosensor

The reproducibility and its storage stability of the developed
iosensor in a drying state at 4 ◦C were investigated. Results showed
hat the current response to 15 �mol l−1 H2O2 was not lowered
fter the biosensor was tested continuously for 30 times. To evalu-
te the electrode-to-electrode reproducibility, six biosensors were
repared under the same conditions independently. The R.S.D.
3.1%) obtained with the present method indicated an acceptable
lectrode-to-electrode reproducibility. The storage stability of the

abricated biosensor was examined by intermittently measuring
he current response to H2O2 standard solution every 3 days in
he period of 2 months. The catalytic current response could main-
ain about 81% of its original response in 2 months. The good
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Table 1
H2O2 concentration in real samples tested by the developed H2O2 biosensor

COriginal (�mol l−1) CAdded (�mol l−1) CFound (�mol l−1) Recovery (%)
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1.000 1.500 2.469 97.9
8.000 6.000 14.110 101.8
0.000 5.000 25.276 105.5

eproducibility and storage stability were ascribed to the covalent
mmobilization of HRP in CS/GPTMS hybrid films which provided a
iocompatible microenvironment [20,21,35].

.7. Selectivity and recovery experiments of the developed H2O2
iosensor

The selectivity of the developed H2O2 biosensor was evalu-
ted by studying the effect of substances that might interfere with
he determination of H2O2. The current obtained for each poten-
ial interfering substance (0.10 mmol l−1) in the presence of H2O2
30.0 �mol l−1) was compared. Glucose, sucrose, ethanol, acetic
cid, citric acid and cystine did not cause any observable inter-
erence. Only ascorbic acid interfered significantly. Ascorbic acid
an reduce the hexacyanoferrate(III) produced in the peroxidase
eaction and thus interfered the determination of H2O2.

In order to demonstrate the analytical applicability of developed
2O2 biosensor, recovery experiments of three real H2O2 samples
ere performed by standard addition method. As listed in Table 1,

he recovery rate was in the range 97.9–105.5%. It can be seen that
he results in Table 1 were satisfactory.

. Conclusion

The successful preparation of the H2O2 biosensor demonstrated
he efficiency of in situ covalent immobilization of enzyme using
olysaccharide-incorporated sol–gel process. Such one-pot process
ffered simple and convenient methodology and could be easily
arried out in aqueous medium without the addition of any organic
olvents. The enzyme covalently immobilized in such biocompati-
le hybrid matrix possessed high electrocatalytic activity and fast
mperometric response to H2O2. The ease of the one-pot covalent

mmobilization and the biocompatible matrix endowed the elec-
rode with high reproducibility and storage stability. The promising
erformance of the developed biosensor makes this methodologi-
al study and application attractive in enzyme immobilization and
abrication of biosensors.
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a b s t r a c t

Low picograms of the hormone 17�-estradiol were detected at an electrochemical immunosensor. This
immunosensor features a gold nanoparticle|Protein G-(LC-SPDP)1-scaffold, to which a monoclonal anti-
estradiol capture antibody was immobilised to facilitate a competitive immunoassay between sample
17�-estradiol and a horseradish peroxidase-labelled 17�-estradiol conjugate. Upon constructing this
molecular architecture on a disposable gold electrode in a flow cell, amperometry was conducted to
monitor the reduction current of benzoquinone produced from a catalytic reaction of horseradish per-
oxidase. This current was then quantitatively related to 17�-estradiol present in a sample. Calibration
of immunosensors in blood serum samples spiked with 17�-estradiol yielded a linear response up to
∼1200 pg mL−1, a sensitivity of 0.61 �A/pg mL−1 and a detection limit of 6 pg mL−1. We attribute these
favourable characteristics of the immunosensors to the gold nanoparticle|Protein G-(LC-SPDP) scaffold,
where the gold nanoparticles provided a large electrochemically active surface area that permits immo-
bilisation of an enhanced quantity of all components of the molecular architecture, while the Protein

G-(LC-SPDP) component aided in not only reducing steric hindrance when Protein G binds to the capture
antibody, but also providing an orientation-controlled immobilisation of the capture antibody. Coupled
with amperometric detection in a flow system, the immunosensor exhibited excellent reproducibility.
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. Introduction

The hormone, 17�-estradiol (referred as estradiol hereafter),
s known to exhibit a critical impact on the reproductive and
exual functioning, bone structure and some organs (e.g. liver,
rain). A deficiency of estradiol is often related to such diseases as
enopausal symptoms, heart diseases and osteoporosis [1]. There-

ore, detection of estradiol and monitoring of its levels may be
ecessary in many cases so that appropriate dosage can be admin-

stered.
Among the techniques, electrochemical immunosensors [2–4]

an offer a specific, sensitive and fast means of detection for
stradiol. In this technique, quantitative analysis is performed by

easuring the extent of binding between estradiol and its spe-

ific capture antibody that has already been immobilised on the
mmunosensor surface. This is often achieved by evaluating the
ctivity of an enzyme label conjugated to, for example, estradiol.
trong affinity between estradiol and its antibody gives rise to high
pecificity, while the extent of binding has a major influence on

∗ Corresponding author.
E-mail address: Danny.Wong@mq.edu.au (D.K.Y. Wong).

1 N-succinimidyl-6-[3′-(2-pyridyldithio)-propionamido] hexanoate.
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he sensitivity achievable by an electrochemical immunosensor.
o promote efficient antibody–estradiol binding, the anti-estradiol
apture antibody must be immobilised on the immunosensor such
hat its antigenic binding sites are optimally oriented towards
stradiol. Several groups [5–7] have hitherto developed electro-
hemical immunosensors for estradiol in which passively adsorbed
mmunoglobulin G (IgG) was used to immobilise the antibody.
or example, Draisci et al. [5] developed on a glassy carbon elec-
rode a competitive immunoassay for estradiol in bovine serum
nd obtained a detection limit of 20 pg mL−1. Similarly, in develop-
ng an estradiol immunosensor based on a screen-printed carbon
lectrode, Pamberton et al. [6] relied on passive adsorption to
mmobilise an anti-mouse IgG layer on the electrode to facili-
ate interaction with a monoclonal mouse anti-estradiol capture
ntibody. By calibrating the immunosensor using a competitive
mmunoassay between an alkaline-phosphatase-labelled estradiol
onjugate and free estradiol in serum samples, a dynamic range
f 25–500 pg mL−1 and a detection limit of 50 pg mL−1 of estradiol

ere obtained. More recently, by passive adsorption of anti-rabbit

gG on a graphite working electrode before attaching a polyclonal
apture antibody, Volpe et al. [7] achieved a detection limit down to
5 pg mL−1 of estradiol. Nonetheless, the passive adsorption strat-
gy offers limited or no control over the orientation of IgG-bound
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ntibodies with respect to their antigen binding sites, which would
ave in turn constrained the achievable sensitivity, dynamic range
nd detection limit.

To facilitate an orientation-controlled immobilisation of anti-
ody on an electrochemical immunosensor, our group has
eveloped a thiolated Protein G scaffold [8,9]. Protein G is a cell sur-

ace protein group C and G Streptococci with three antigen-binding
omains located near its C-terminal. It is known to exhibit speci-
city for subclasses of antibodies from many species [10]. A feature
f Protein G is a series of lysine residues that are distal from the
ntibody binding sites. The side-chains of these residues can be
hemically converted to thiol functional groups. This then allows
he thiolated Protein G to readily self-assemble on a gold elec-
rode, while the free terminal, where the antibody binding sites are
ocated, binds to the non-antigenic site of a capture antibody. In
his way, the Protein G scaffold will aid in aligning the capture anti-
ody almost upright with the antigen binding sites readily exposed
o interact with an antigen, and will thereby enhance the extent of
inding. More recently, our group has demonstrated Protein G thio-

ated with N-succinimidyl-6-[3′-(2-pyridyldithio)-propionamido]
exanoate (denoted as Protein G-(LC-SPDP)) as a superior scaffold
o achieve an orientation-controlled immobilisation of a capture
ntibody on an electrode surface [8]. Notably, the long spacer-arm
f LC-SPDP (30 Å) between Protein G and the electrode imparts
ubstantial flexibility on the Protein G-(LC-SPDP) scaffold and facil-
tates enhanced interaction with the capture antibody.

In electroanalytical chemistry, gold nanoparticles are increas-
ngly incorporated in developing the sensing electrodes because
hey are easy to prepare. More importantly, gold nanoparticle-
oated electrodes have shown an almost 3-fold increase in surface
rea [11]. Tiny sizes of these particles also aid in achieving good
lectrical communication with the underlying electrode surface.
or example, a 1.4-fold increase in cyclic voltammetric peak cur-
ent of Fe(CN)3−

6 was observed at a glassy carbon electrode after
oating it with a sol–gel–gold nanoparticle film [12]. More recently,
olloidal gold nanoparticles were shown to provide an environ-
ent similar to the native system of immobilised biomolecules

o that the biomolecules efficiently retain their biological activ-
ty [13–15]. All these features of gold nanoparticles are expected
o aid in improving the analytical performance of electrochemical
mmunosensors.

In this work, we report the development of an electro-
hemical immunosensor consisting of a gold nanoparticle|Protein
-(LC-SPDP)-scaffold. A competitive immunoassay between sam-
le estradiol and horseradish peroxidase-labelled estradiol was
hen established at the immunosensor. Quantitative determination
f estradiol was conducted based on the reduction of benzoquinone
roduced by a reaction catalysed by horseradish peroxidase. We
ave initially optimised all components of the molecular architec-
ure of the immunosensor using 3-mm diameter gold electrodes
o that appreciable changes in the detection signal were measured.
ppropriate experimental conditions were then adopted in devel-
ping an immunosensor based on disposable 1-mm diameter gold
lectrodes in a flow cell system to enhance the detection sensitivity.
he performance of the immunosensor was evaluated in detecting
stradiol in laboratory synthetic solutions and blood serum sam-
les, respectively.

. Experimental
.1. Materials

All reagents were of analytical grade unless stated otherwise.
onoclonal mouse anti-estradiol capture antibody (Mab), specific

b
t
o
a
p

77 (2009) 1437–1443

owards 17�-estradiol-6-(O-carboxymethyl)oxime-bovine saline
lbumin, and a horseradish peroxidase (HRP)-labelled estradiol
onjugate (17�-estradiol-6-HRP) were purchased from BiosPa-
ific (Burlingame, CA, USA). They were stored at −20 ◦C until
se. In all experiments, a Mab stock (0.47 mg mL−1) and a 17�-
stradiol-6-HRP stock (0.1 mg mL−1) were prepared in phosphate
uffered saline (PBS)–EDTA (pH 7.4) and stored at 4 ◦C until
se. Purified recombinant Protein G (MW 22,600 Da) and LC-
PDP were from Pierce (Illinois, USA). 17�-Estradiol, hydrogen
etrachloro-aurate(III) trihydrate (99.9%), hydroquinone, 30% H2O2
v/v), potassium hydroxide, l-cysteine, Bicinchoninic acid (BCA)
uantiPro Protein Assay Kit, dithiothreitol (DTT) and bovine serum
lbumin (BSA) were all purchased from Sigma–Aldrich (Sydney,
ustralia). Potassium ferrocyanide and potassium ferricyanide
ere purchased from BDH Chemicals Ltd. (England). A Superdex
00 PC 3.2/30 size-exclusion column (GE Healthcare, Uppsala,
weden) was used to purify thiolated Protein G. Microcon cen-
rifugal filtration devices with a 10,000 MW cut-off were purchased
rom Millipore (Sydney, Australia). The buffers, phosphate buffered
aline with EDTA (PBS–EDTA; 10 mM Na2HPO4, 10 mM KH2PO4,
50 mM NaCl, 1 mM EDTA, pH 7.4) and acetate buffer (100 mM
H3COONa, 100 mM NaCl, pH 4.5) were prepared in Milli-Q water
nd adjusted to appropriate pH levels using 0.1 M NaOH or 0.1 M
Cl. Serum samples were obtained from a Sydney hospital.

.2. Instrumentation

A three-electrode system, consisting of a 3.0-mm diameter Au
isc electrode, a Ag|AgCl (saturated KCl) reference electrode (both
rom Bioanalytical Systems Inc., West Lafayette, IN, USA) and a Pt
ounter electrode, was accommodated in a 10-mL electrochemical
ell. In amperometric experiments, disposable Au electrodes and a
ow cell used were from BVT Technologies (Hudcova, Czech Repub-

ic). Each disposable electrode is a single sensor chip consisting
f a corundum ceramic base that contained a 1-mm Au working
lectrode, a Ag|AgCl reference electrode and a Pt counter electrode.
he pump and valve were purchased from Extech Equipment Pty
td. (Victoria, Australia). Electrochemical experiments were per-
ormed using a Powerlab 2120 potentiostat (eDAQ Pty Ltd., Sydney,
ustralia) interfaced with a PC via a v2.0 EChem software (eDAQ).
rior to all voltammetric experiments, the electrolyte solution was
egassed with nitrogen for 10 min and a blanket of nitrogen was
aintained over the solution throughout the experiment. In square
ave voltammetry, the pulse amplitude was set at 40 mV, fre-

uency 20 Hz and potential step 2 mV. In amperometry, a constant
otential of −300 mV was applied to the disposable working elec-
rode, then hydrogen peroxide and hydroquinone were injected
n the flow cell (100 �L min−1) after the baseline current has sta-
ilised and the response current was recorded. Scanning electron
icroscopy of Au nanoparticle-deposited Au electrodes was carried

ut using JEOL 6480 LA scanning electron microscope (JEOL Optical
aboratory, Japan) at an acceleration voltage of 10 kV and a working
istance of 4–5 mm.

.3. Electrodeposition of gold nanoparticles on Au electrodes

Polycrystalline 3-mm diameter Au electrodes were sequentially
olished with aqueous alumina slurries of 1, 0.3 and 0.05 �m,
efore being sonicated in Milli-Q water for 3 min. Cyclic voltam-
etry of 0.5 M H2SO4 was then performed at these electrodes
etween −0.2 and 1.5 V at 100 mV s−1 for 10 min, or until the
ypical voltammetric characteristics of a clean Au electrode were
btained [16]. Au nanoparticles were then electrodeposited by
pplying a 15-s potential step from 1.1 to 0 V to each pretreated
olycrystalline Au electrode in 1.0 mM HAuCl4 in 0.5 M H2SO4 as
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upporting electrolyte [17,18]. Similar procedure was adopted when
u nanoparticles were electrodeposited on disposable Au elec-
rodes, except 0.18 mM HAuCl4 was used. To estimate the quantity
f Au nanoparticles on an electrode, cysteine was adsorbed on
he electrode from a 10-mM aqueous cysteine solution for 10 min
efore cyclic voltammetry was conducted in 0.5 M KOH [19].

.4. Thiolation of Protein G

A procedure previously described [8] for the thiolation of Protein
using LC-SPDP was adopted. Briefly, 2 mg LC-SPDP was dissolved

n 235 �L dimethylsulfoxide. Then, 10 �L of the LC-SPDP solution
as added to 1 mg Protein G in 0.5 mL PBS-EDTA. After a 30-min

ncubation at room temperature, excess LC-SPDP and unwanted by-
roducts were removed by two centrifugal filtrations at 12,000 × g
or 30 min using a Microcon centrifugal filtration device and the
uffer was exchanged to sodium acetate. DTT was added to the Pro-
ein G-(LC-SPDP) solution to obtain a final concentration of 50 mM.
his was allowed to react for 30 min at room temperature. Finally,
he reaction mixture was purified by size-exclusion high perfor-

ance liquid chromatography and the purified thiolated Protein G
as stored at 4 ◦C until use. The degree of LC-SPDP-modification of

rotein G was evaluated by a spectroscopic pyridine-2-thione assay
20]. In this assay, 100 �L purified LC-SPDP-modified Protein G was
iluted to 1 mL in PBS and the absorbance of this solution was mea-
ured at 343 nm against a PBS blank. Then, 10 �L of 15 mg mL−1 DTT
as added and, after 15 min, the absorbance of the reduced sample
as measured against a PBS blank again. The absorbance difference
as then used to evaluate the molar ratio of LC-SPDP to Protein G

s described in Ref. [20].
The quantity of Protein G-(LC-SPDP) bound to the electrode sur-

ace was determined after estimating the residual protein content
f the wash solution using a BCA-based QuantiPro Protein Assay
it. Briefly, the assay working reagent was prepared by combin-

ng 1 part of protein sample with 1 part of a premixed solution
ontaining 25 parts of bicinchoninic acid solution and 1 part of 4%
w/v) CuSO4·5H2O. This reagent was mixed in equal quantities with
blank solution, BSA protein standards, and electrode wash solu-

ions, respectively. The reaction proceeded for 1 h at 60 ◦C before
eing quenched in ice water. The absorbance of the violet solutions
t 562 nm was measured against the blank. Based on calibration,
he absorbance difference was then used to estimate the quantity
f Protein G.

.5. Preparation of electrochemical immunosensors

To prepare an electrochemical immunosensor, a 10-�L aliquot
f Protein G-(LC-SPDP) was applied to a Au electrode immobilised
ith Au nanoparticles for 1 h at room temperature. Then 5 �L of

% (w/v) BSA solution was applied to the electrode for 30 min to
revent non-specific binding of Mab and estradiol-HRP conjugate.
ext, 5 �L of Mab stock solution, diluted 1:50 in PBS, was applied

o the electrode surface for 1 h at room temperature. The electrode
as rinsed in between steps using washing buffer and distilled
ater, respectively. A similar procedure was employed in prepar-

ng a disposable electrode-based immunosensor, except one-fifth
f the volumes of all reagents was used.

To facilitate a competitive immunoassay, the electrode surface

as immobilised with a solution containing sample estradiol and
�g mL−1 of estradiol-HRP conjugate. The competition reaction
as allowed for 30 min at room temperature prior to rinsing the

lectrode with PBS and distilled water. Fresh substrate solution
ontaining hydrogen peroxide and hydroquinone was used in each
xperiment.
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.6. Calibration

Calibration was initially conducted in estradiol standard solu-
ions (25–4000 pg mL−1) in PBS as a supporting electrolyte,
hereas that in serum was conducted by spiking estradiol solutions

final concentration 25–1500 pg mL−1) into estradiol-free serum.
ll correlation coefficients of calibration plots were statistically

ested using Student’s t-test. All errors correspond to the respective
5% confidence intervals.

. Results and discussion

.1. Au nanoparticle-coated Au electrodes

Electrodes immobilised with Au nanoparticles were shown to
xhibit a 3-fold increase in electrochemically active surface area
11,21]. In developing an electrochemical immunosensor for estra-
iol using a Au nanoparticle-coated Au electrode, the large surface
rea will promote an enhanced quantity of antibody–estradiol
omplex on the electrode surface. This will in turn improve the
ensitivity, dynamic range and detection limit of the analysis. In
ur work, Au nanoparticles were initially deposited by applying a
eduction potential step from 1.1 to 0 V for a particular duration
o an acid-treated 3-mm diameter polycrystalline Au electrode in
.0 mM HAuCl4 (0.5 M H2SO4 as supporting electrolyte). Among
he factors, electrochemical deposition time is critical in forming
u nanoparticles, as discussed further below. Optimum deposition
ime must be determined to obtain the largest possible increase of
lectrode surface area. To determine the surface area of Au nanopar-
icles and therefore the optimum deposition time, we have relied
n the specific reductive desorption of thiol-Au bonds to estimate
he thiol-Au surface coverage on an electrode [9,22,23] as described
elow.

Initially, Au nanoparticles were electrochemically deposited on
u electrodes over several deposition times between 5 and 30 s.
hese electrodes were next immersed in a 10-mM aqueous cysteine
olution for 10 min to facilitate adsorption. Cyclic voltammetry at
hese electrodes was then conducted in 0.5 M KOH and the results
btained are depicted in Fig. 1(a). Two reduction peaks (between
0.8 and −0.9 V, and between −1.05 and −1.15 V) were observed
nd these results are in agreement with the reductive desorption
f alkane thiol self-assembled monolayers from a Au surface [23].
hese two peaks were attributed to the reduction of a S–Au bond to
–S− at a terrace and a step site on a rough Au surface. Therefore,
he total area under the two reduction peaks is directly propor-
ional to the surface coverage of thiol-Au bond on an electrode. As
hown in Fig. 1(a), there was an increase in the surface coverage
hen the deposition time was increased from 5 to 15 s, indicating

n increase in electrode surface area arising from the deposited
u nanoparticles. However, when a deposition time of 30 s was
pplied, the surface coverage decreased. We attributed this to the
gglomeration of Au nanoparticles to form a film similar in area
o that of the underlying electrode, and hence a smaller surface
overage compared to that obtained when the nanoparticles were
ispersed on the surface. These results indicate that a deposition
ime of 15 s would yield the largest electrode surface area before the
anoparticles formed a continuous Au film. This is confirmed by the
canning electron micrograph shown in Fig. 1(b). In this figure, the
hite shining spheres correspond to Au particles dispersed on a
elatively smooth bulk Au surface represented by the dark back-
round. Additionally, as gold nanoparticles were deposited on a
old electrode surface, it was difficult to distinguish small gold par-
icles from the gold surface in Fig. 1(b). Typical diameters of these
articles were estimated to be 20–200 nm. These results are similar
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Fig. 1. (a) Cyclic voltammetry of cysteine-adsorbed Au nanoparticle-coated Au elec-
trodes in 0.5 M KOH. Au nanoparticles were electrochemically deposited over a
deposition time of (i) 0 s, (ii) 5 s, (iii) 10 s, (iv) 15 s and (v) 30 s. Scan rate: 150 mV s−1.
T
t
m
a

t
c
n
a

3
s

a
T
r
g
i
(
o
P
d
0
e
o
s
r
a
m

F
K

1
t
w
t

3

e
i
b
t
d
m
q

H

r

B

m
1
i
e
t
t
b
r
0
e
r
i
2
i
r

he inset tabulates the surface coverage of thiol-Au bond estimated based on
he total area under the two reductive desorption peaks. (b) Scanning electron

icrograph of Au nanoparticles electrodeposited on an Au electrode by applying
potential step from 1.1 to 0 V versus Ag|AgCl for 15 s.

o those reported elsewhere [18,19,24]. Compared with the surface
overage determined at bare gold electrodes, the presence of Au
anoparticles has increased the electrochemically active surface
rea by a factor of approximately 3 (N = 4).

.2. Characterisation of Au electrodes with a Protein G-(LC-SPDP)
caffold

Following the deposition of Au nanoparticles on Au electrodes,
Protein G-(LC-SPDP) scaffold was immobilised on the electrodes.
o characterise the formation of a Protein G-(LC-SPDP) scaffold,
eductive desorption was again conducted. The cyclic voltammo-
ram obtained after desorbing the scaffold in 0.5 M KOH is shown
n Fig. 2, which reveals two comparable reductive desorption peaks
between −0.8 and −0.9 V, and between −1.0 and −1.1 V) to those
bserved in Fig. 1(a), indicating successful immobilisation of the
rotein G-(LC-SPDP) scaffold on the electrodes. Using a BCA protein
etermination kit, we have estimated 1.23 �g (standard deviation
.15 �g; N = 6) Protein G-(LC-SPDP) on Au nanoparticle-coated Au
lectrodes, compared to 0.97 �g (standard deviation 0.13 �g; N = 6)

n bare Au electrodes. These results also indicate successful conver-
ion of amino groups in lysine residues of Protein G to thiol groups
equired for immobilising Protein G on the Au surface. Based on
spectrometric pyridine-2-thione assay, we found that approxi-
ately 42% of the lysine residues was thiolated, compared to 30%,

s
c
H
b
r

ig. 2. Cyclic voltammetry of a Protein G-(LC-SPDP)-coated Au electrode in 0.5 M
OH. Scan rate: 150 mV s−1.

7% and 18% thiolation in Ribonuclease A, amylase and HRP, respec-
ively [20]. Reduced steric hindrance around Protein G-(LC-SPDP)
ith a long spacer arm has possibly facilitated a higher degree of

hiolation.

.3. Assembling electrochemical immunosensors

With a Au-nanoparticle|Protein G-(LC-SPDP) scaffold on Au
lectrodes, the next step in assembling the electrochemical
mmunosensor for estradiol is to immobilise the anti-estradiol anti-
ody, Mab, on the electrodes. The optimum quantity of Mab on
he scaffold was determined based on its interaction with estra-
iol labelled with the enzyme HRP. In the presence of H2O2 as a
ediator, HRP catalyses the conversion of hydroquinone to benzo-

uinone:

ydroquinone + H2O2
HRP−→Benzoquinone + 2H2O

By applying a reduction potential of −300 mV, benzoquinone is
educed to hydroquinone:

enzoquinone + 2H+ + 2e−−300 mV−→ Hydroquinone

The reduction current generated in square wave voltam-
etry between 0.1 and −0.4 V is quantitatively related to the

7�-estradiol-6-HRP conjugate and hence the quantity of Mab
mmobilised on the scaffold. As both Mab and the quantity of
stradiol-HRP were expected to affect the magnitude of detec-
ion signal of an immunosensor, the interaction between these
wo factors was studied. In our experiments, electrodes immo-
ilised with a Au nanoparticle|Protein G-(LC-SPDP) scaffold were
espectively incubated in Mab solutions of concentration range
.96–24 �g mL−1. Next, these electrodes were incubated in 17�-
stradiol-6-HRP of concentration between 0.2 and 10 �g mL−1,
espectively, at 25 ◦C for 30 min. Finally, each electrode was placed
n a cell containing 20 mM PBS. Hydroquinone (final concentration
.0 mM) and H2O2 (final concentration 1.0 mM) were then injected

n the cell before square wave voltammetry was conducted. The
eduction peak current obtained was used to construct the plots

hown in Fig. 3. At each Mab concentration, the reduction peak
urrent increased when increasingly available 17�-estradiol-6-
RP conjugate (as concentration increased from 0.2 to 2 �g mL−1)
ound to a fixed quantity of Mab. However, the reduction peak cur-
ent levelled off at 17�-estradiol-6-HRP conjugate concentration



X. Liu, D.K.Y. Wong / Talanta 77 (2009) 1437–1443 1441

F
o
2

h
h
i
a
c
f
b
c
l
b
t
o
t
o
r
c
f
e

t
s
n
i
g
b
G
v
0
o
f
s
b
M
t
(
c
T
s
P
f
e
a
i

Fig. 4. Cyclic voltammetry of 2.5 mM Fe(CN)3−
6 and 2.5 mM Fe(CN)4−

6 at (a) a bare
A
(
w
0

3

e
c
a
u
w
a
fl
e
o
d
o
i
d
e
e
a
f
o
a
c

−
d
c
t
o
b
t
c
o
w
t
l

ig. 3. The current response of the estradiol immunosensor at different combination
f antibody and HRP-estradiol conjugate. The concentration for Mab is (i) 0.96, (ii)
.4 (iii) 4.8, (iv) 9.6, and (v) 24 �g mL−1.

igher than 2 �g mL−1, most likely because 17�-estradiol-6-HRP
as saturated the Mab layer and no significant further bind-

ng took place between Mab and excess 17�-estradiol-6-HRP. At
fixed 17�-estradiol-6-HRP concentration, the reduction peak

urrent increased rapidly as Mab concentration was increased
rom 0.96 to 9.6 �g mL−1, indicating a spontaneous interaction
etween Mab and 17�-estradiol-6-HRP. However, when the Mab
oncentration was increased from 9.6 to 24 �g mL−1, a simi-
ar extent of interaction was observed due to a lack of binding
etween 17�-estradiol-6-HRP and excess Mab present in the sys-
em. Moreover, excess Mab would easily lead to crowdedness
n the electrode surface, which would in turn cause deactiva-
ion of some HRP of the conjugate. Hence, similar binding was
bserved despite the application of additional Mab. Overall, the
esults in Fig. 3 indicated an optimum estradiol-HRP conjugate
oncentration of 2 �g mL−1 and Mab concentration of 9.6 �g mL−1

or use in constructing an immunosensor on 3-mm diameter Au
lectrodes.

At this stage of our development, cyclic voltammetry of a mix-
ure of 2.5 mM Fe(CN)3−

6 and 2.5 mM Fe(CN)4−
6 in 20 mM PBS as

upporting electrolyte was also studied at electrodes with a Au
anoparticle|Protein G-(LC-SPDP)-scaffold. The results are shown

n Fig. 4. Initially, Trace a shows a well-defined cyclic voltammo-
ram (peak separation of 91 mV and peak current ratio 1.04) at a
are Au electrode. After the electrode was immobilised with Protein
-(LC-SPDP) and 9.6 �g mL−1 Mab, it yielded a less well-defined
oltammogram (peak separation of 210 mV and peak current ratio
.8), as shown in Trace b. Adsorption of Protein G-(SPDP) and Mab
n the electrode surface would have obstructed the electron trans-
er reaction of the Fe(CN)3−

6 |Fe(CN)4−
6 couple, leading to a more

luggish reaction. A 76% decrease in current was observed in Trace
compared to Trace a. However, when Protein G-(LC-SPDP) and
ab were immobilised on a Au nanoparticle-coated Au electrode,

he electron transfer kinetics of Fe(CN)3−
6 |Fe(CN)4−

6 were improved
peak separation of 200 mV and peak current ratio 1.09) and the
urrent was enhanced by 92% (Trace c) relative to that shown in
race b. Similar to those reported previously [14,25], the small
izes of Au nanoparticles enable them to penetrate the barrier of

rotein G-(LS-SPDP) and Mab in this work, forming a tunnel that
acilitates the electron transfer of Fe(CN)3−

6 and Fe(CN)4−
6 at the

lectrode surface. The results obtained support the development of
Au nanoparticle|Protein G-(SPDP)-scaffold for an electrochemical

mmunosensor in this work.
w
r

u electrode, (b) an Au electrode immobilised with Protein G-(LC-SPDP) and Mab,
c) a Au electrode with a Au nanoparticle|Protein G-(LC-SPD)-scaffold immobilised
ith Mab, in 0.02 M PBS (pH 7.5). The potential was initially scanned from −0.2 to

.6 V at a rate of 100 mV s−1.

.4. Analytical applications of the immunosensor

Due to the small size of the estradiol molecule, a competitive
lectrochemical immunoassay was adopted at the electrochemi-
al immunosensor for analysis of estradiol. In conjunction with
flow system, disposable 1-mm diameter gold electrodes were

sed to construct an immunosensor and amperometric detection
as carried out in the flow cell system. This is so that we can

chieve benefits such as constant analysis conditions, improved
uid handling and stable electrochemical signal. Based on an
lectrode surface area ratio, a corresponding proportion of the
ptimised quantity of all components of the molecular structure
etermined on 3-mm diameter Au electrodes was immobilised
n the disposable Au electrodes to construct the electrochemical
mmunosensors in a flow system. Briefly, Au nanoparticles were
eposited by applying a potential step from 1.1 to 0 V to disposable
lectrodes immersed in 0.18 mM HAuCl4 (0.5 M H2SO4 supporting
lectrolyte) for 15 s. A 2-�L aliquot of Protein G-(LC-SPDP) was then
pplied on the electrodes and they were left at room temperature
or 1 h. Next, these electrodes were sequentially incubated in 1 �L
f 1% (w/v) BSA solution for 30 min, 1 �L of 9.6 �g mL−1 Mab for 1 h,
nd 1 �L mixture of estradiol standard solution and estradiol-HRP
onjugate for 30 min.

Amperometry was conducted by applying a constant potential of
300 mV. Current versus time plots obtained using estradiol stan-
ard solutions in PBS are shown in Fig. 5(a). In these plots, while the
oncentration of estradiol standard solution was increased from 25
o 4000 pg mL−1, there was a proportional decrease in the quantity
f 17�-estradiol-6-HRP conjugate competing to bind to Mab immo-
ilised on the immunosensor scaffold, giving rise to a decrease in
he reduction peak current shown in Fig. 5(a). Fig 5(b) shows the
alibration plot constructed based on the reduction peak current
btained in the current versus time plot. For this calibration plot,
e obtained a correlation coefficient of 0.983, which was found

o be statistically significant at a 95% confidence level (N = 5). The
inear relationship can be expressed as
Reduction peak current (�A) = (2.97 ± 0.38) − (0.68 ± 0.09)

[Estradiol] (pg mL−1)

here the errors represent the 95% confidence intervals. A linear
esponse up to ∼1500 pg mL−1 was shown by the immunosensors.
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ig. 5. (a) The current–time plots of the competitive immunoassay for estradiol in
stradiol in PBS, and (c) calibration plot obtained using the electrochemical immun

n addition, a sensitivity (denoted by the slope of the calibra-
ion plot) of 0.68 �A/pg mL−1 was obtained. The detection limit
defined as the difference between the mean blank signal and three
imes the standard deviation of the blank) [7] was estimated to be
.5 pg mL−1. For comparison, when calibration experiments were
epeated using immunosensors without gold nanoparticles, a cor-
espondingly higher detection limit of 18 pg mL−1 was obtained.

In order to further examine the performance of the electrochem-
cal immunosensors, same calibration experiments were repeated
y spiking an estradiol standard in blood serum samples collected
rom a local hospital. The calibration plot (with a statistically signif-
cant correlation coefficient of 0.972 at a 95% confidence interval;

= 5) obtained is shown in Fig. 5(c). In this case, a comparable lin-
ar response up to ∼1200 pg mL−1, a sensitivity of 0.61 �A/pg mL−1,
nd a detection limit of 6 pg mL−1 were obtained. The linear rela-
ionship is represented by

Reduction peak current (�A) = (2.39 ± 0.45) − (0.61 ± 0.13)

[Estradiol] (pg mL−1)

Note that similar sensitivity was obtained at immunosensors
alibrated in PBS and in blood serum, reflecting the excellent speci-
city and selectivity of the immunosensor. Moreover, an improved
etection limit of estradiol by an order of magnitude was achieved
t the immunosensor, compared to those reported by Draisci et

l. [5], Pamberton et al. [6] and Volpe et al. [7], as quoted previ-
usly. We attribute this to firstly a large immunosensor surface
rea using a scaffold consisting of Au nanoparticles, which would
ave facilitated the immobilisation of a substantial amount of Pro-
ein G-(LC-SPDP) and the estradiol capture antibody, Mab, on the

o
i
f
s
t

b) calibration plot obtained using the electrochemical immunosensor in detecting
or in detecting estradiol spiked in serum samples.

lectrode surface for binding to estradiol. Meanwhile, thiolation
as also strongly anchored Protein G on the Au surface, leav-

ng its free terminal to bind to the non-antigenic site of Mab. In
his way, Protein G-(LC-SPDP) incorporated in the scaffold would
id in an orientation-controlled immobilisation of Mab on the
mmunosensor to encourage an efficient binding to estradiol. This
as resulted in an enhanced reduction current produced via the cat-
lytic enzyme reaction of HRP conjugated to estradiol that bound to
ab. Further, the long spacer arm of LC-SPDP would have reduced

teric hindrance in attaching Mab to Protein G. All these features
f the Au nanoparticle/Protein G-(LC-SPDP) scaffold, coupled with
mperometric detection in a flow system, are expected to have
ynergistically contributed to the development of an electrochem-
cal immunosensor with low picograms detection limit. Note that a
ange of 25–400 pg mL−1 estradiol was usually detected in samples
ollected during non-menstrual period [25]. This range lies well
etween the detection limit (6 pg mL−1) and the limit of linearity
∼1200 pg mL−1) of the electrochemical immunosensors.

.5. Precision and stability study

To further characterise the electrochemical immunosensors,
e have conducted several precision and recovery studies. In the
recision study, the reproducibility (intra-assay) and repeatability
inter-assay) of the competitive assays were tested at three different
stradiol concentrations of 60, 250 and 1000 pg mL−1. Intra-assays

f these samples were performed in four duplicates with the same
mmunosensor and inter-assays with different immunosensors
rom the same manufactured batch. The results of these studies are
ummarised in Table 1. For intra-assays, the relative standard devia-
ion (RSD) varied from 3.1% to 7.8%, while that for inter-assay varied
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Table 1
Precision of the estradiol immunosensor.

Estradiol (pg mL−1) Intra-assay RSDa Inter-assay RSD

60 3.1% 6.8%
250 4.4% 8.6%

1000 7.8% 11.6%

a RSD = standard deviation/mean; (N = 4).

Table 2
Accuracy of the estradiol immunosensor.

Estradiol added (pg mL−1) Estradiol found (pg mL−1) RSD Recovery

60 51 7.2 85%
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250 284 7.8 113.6%
000 1097 9.1 109.7%

SD = Standard deviation/mean; (N = 4).

rom 6.8% to 11.6%. As expected, the intra-assay variance was lower
han the inter-assay variance. Owing to the small current responses,
higher RSD was obtained at 1000 pg mL−1 compared to that at

0 pg mL−1. The small RSDs showed that our immunosensor fabri-
ation procedure is reliable. In addition, amperometric responses of
6 immunosensors were measured after 1 day, 1 week and 2 weeks,
espectively, and were compared to those obtained on the first day.

e found an average drop of 2.5% in the amperometric response
fter 1 day, 16% after 1 week and 44% after 2 weeks. This is most
ikely to be caused by the transient deterioration of the enzyme
ttached to the estradiol-HRP conjugate.

.6. Recovery

The accuracy of the immunosensor was studied by measuring
he recovery of spiked human serum samples. The concentra-
ion selected were 60, 250 and 1000 pg mL−1, representing low,

edium and high concentrations, respectively. The recovery was
btained by comparing the concentration calculated based on an
ndependently prepared calibration plot with the actual added con-
entration. The calibration plot was constructed based on the same
xperimental conditions as recovery test. As shown in the results

abulated in Table 2, the recovery is relatively high in the highest
oncentration, and the lowest recovery was given by the lowest con-
entration. However, the average recovery is 102.7%, indicating the
easibility of using the estradiol sensor to detect samples in serum
n the obtained dynamic range.

[
[

[
[
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. Conclusion

In this work, Au nanoparticles and Protein G thiolated with
C-SPDP were immobilised on Au electrodes to act as a com-
osite scaffold for an estradiol electrochemical immunosensor. A

arge surface area on the immunosensor surface was provided by
he deposited Au nanoparticles to enhance the quantity of Pro-
ein G-(LC-SPDP) and capture antibody required in developing an
mmunosensor for estradiol. Compared with passive adsorption,
rotein G-(LC-SPDP) facilitated immobilisation of capture antibody
ith improved orientation. Coupled with amperometric detection

f estradiol in a flow system, the immunosensor exhibited superior
inear range, sensitivity and detection limit of estradiol in blood
erum samples spiked with estradiol.
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a b s t r a c t

Two new methods for inorganic pyrophosphate (PPi) quantification are described. They are based on
the enzymatic conversion of PPi into ATP by firefly luciferase (Luc, E.C. 1.13.12.7) in the presence of
dehydroluciferyl-adenylate (L-AMP) followed by the determination of ATP by one of two different pro-
cedures, either UV-monitored (260 nm) ion-pair-HPLC (IP-HPLC) (method A) or luciferase-dependent
bioluminescence in the presence of its substrate, firefly luciferin (d-LH2) (method B). These methods were
subjected to optimization using experimental design methodologies to obtain optimum values for the
selected factors: method A—incubation time (tinc = 15 min), inactivation time of the enzyme (tinac = 2 min),
pH of the reaction mixture (pH 7.50) and the concentrations of L-AMP ([L-AMP] = 40 �M) and luciferase
irefly luciferase
on-pair-HPLC
ioluminescence
xperimental factorial design

([Luc] = 0.1 �M); method B—concentrations of L-AMP ([L-AMP] = 2 �M), luciferase ([Luc] = 50 nM) and
luciferin ([LH2] = 30 �M). Method A has a linear response over the range of 0.1–20 �M of PPi, with a limit
of detection (LOD) of 0.5 �M and a limit of quantitation (LOQ) of 1.8 �M. Precision, expressed as relative
standard deviation (R.S.D.), is 7.4% at 1 �M PPi and 5.9% at 8 �M PPi. Method B has a linear response over
the range of 0.75–6.0 �M of PPi, with LOD and LOQ of 0.624 and 2.23 �M, respectively, and a R.S.D. of
5.1% at 2.5 �M PPi and 4.9% at 5 �M PPi. Under optimized conditions sensitive and robust methods can
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be obtained for the analys

. Introduction

Inorganic pyrophosphate (PPi) is ubiquitous in many metabolic
athways related to ATP bioenergetics [for example, as a coproduct
f adenylylation reactions, in which the adenylate moiety of ATP
5′-AMP) is transferred to any molecule to “activate” it for subse-
uent reactions] or in biosynthetic reactions like the synthesis of
NA and RNA and cyclic nucleotides (cAMP and cGMP) [1]. But far

rom being a by-product PPi has important biological roles, partic-
larly in bacteria [2,3], protists [4] and plants [5,6]. Furthermore
Pi is a modulator in the calcification process in humans, and the
isregulation of its concentration is associated with pathologies in

artilaginous tissues [7] and in the vascular system [8].
Several methods for detecting and quantifying PPi are described

n the literature. Most of them are multistep coupled enzymatic

ssays, generally employing two or more different enzymes that
ork sequentially to convert PPi into products that can be measured

y means of UV–vis or luminescent techniques [9–20], although
olorimetric methods coupled with HPLC detection [21] or capillary

∗ Corresponding author. Tel.: +351 220402569; fax: +351 220402659.
E-mail address: jcsilva@fc.up.pt (J.C.G. Esteves da Silva).

w
o
y

L

039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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Pi impurities in commercial nucleotides and tripolyphosphate (P3).
© 2008 Elsevier B.V. All rights reserved.

lectrophoresis separation [22] were also reported. The develop-
ent of highly specific chemical sensors for PPi measurement in

queous medium is also an increasing area of research [23–25].
Enzymatic assays have the advantages of being very specific and

ensitive. They allow the quantification of PPi in a wide range of con-
entrations, from �M down to pM. A commonly employed enzyme
n many of the coupled enzymatic assays is luciferase [12,13,18,20].

Firefly luciferase (Luc, E.C. 1.13.12.7) is an enzyme that produces
ight through the oxidation of its substrate, luciferin (d-LH2), in the
resence of ATP-Mg2+ and oxygen, in a two-step process [26–29]
Eqs. (1) and (2)).

uc + d-LH2 + ATP-Mg2+ � Luc·LH2-AMP + PPi-Mg2+ (1)

Luc·LH2-AMP + O2 → Luc + oxyluciferin

+ AMP + CO2 + photon (2)

Besides this reaction luciferase also catalyzes the reaction of PPi

ith dehydroluciferyl-adenylate (L-AMP), previously formed in the

xidation of the intermediate luciferyl-adenylate [LH2-AMP (1)],
ielding dehydroluciferin (L) and regenerating ATP (3) [27,29,30].

uc·L-AMP + PPi-Mg2+ � Luc + L + ATP-Mg2+ (3)
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The concentration of the ATP formed can be directly calculated
y chromatography or, if d-LH2 is added to the assay medium, by
easuring the bioluminescent emitted light (Eqs. (1) and (2)). Sub-

equently the ATP content is related to the original amount of PPi
n the sample.

This paper presents two optimized methods for PPi quantifica-
ion based on the luciferase-catalyzed generation of ATP from PPi
nd L-AMP (3) followed by its measurement by ion-pair-HPLC (IP-
PLC) with detection at 260 nm (method A) or by measuring the

ight from the bioluminescent reaction (method B). These methods
ere applied to the determination of PPi content in commercial
ucleotide substances.

. Experimental

.1. Reagents

Commercial Photinus pyralis luciferase (L9506; lot 014K7430),
-luciferin (d-LH2), HEPES (4-(2-hydroxyethyl)piperazine-1-
thanesulfonic acid) and all the nucleotides (CTP, CDP, CMP, UTP,
DP, UMP, ADP, AMP and ATP for the HPLC standard) were pur-
hased from Sigma (Steinheim, Germany); PPi (Na4P2O7·10H2O),
ripolyphosphate (P3) (Na5P3O10) and MgCl2 were purchased from
luka (Buchs, Switzerland); L-AMP was chemically synthesized
s described in [31,32]. For the HPLC eluent methanol (liquid
hromatographic grade) and Pi (Na2HPO4·2H2O) were purchased
rom Merck (Darmstadt, Germany) and TBA (tetrabutylammonium
romide) from Fluka. Commercial reagents were used throughout
his study without further purification.

A stock solution of luciferase was prepared by dissolving the
yophilized powder in HEPES buffer 0.5 M pH 7.5 (44 �M, or approx-
mately 10 mg/mL) and stored at −20 ◦C. To ensure that the same
onditions were used throughout the work, all stock solutions were
repared in deionized water, divided into small aliquots, and stored
t −20 ◦C.

.2. Enzymatic assays

.2.1. Method A
A reaction mixture was prepared in ice and contained MgCl2

4 mM), HEPES buffer (100 mM) pH 7.50, L-AMP (40 �M) and the
ample or PPi standards. The reaction was initiated by the addi-
ion of luciferase (0.1 �M) to obtain a final volume of 20 �L, and
he tubes were incubated for 15 min at room temperature (25 ◦C).
o stop the reaction the tubes were transferred to ice, 40 �L of cold
eionized water was added and the tubes were heated in a water
ath at 100 ◦C for 2 min to denaturate the enzyme. Afterwards the
ubes were allowed to cool, centrifuged (16,100 × g, 2 min) and the
upernatants were analyzed. Controls were prepared by replac-
ng the sample or PPi standard with deionized water and adding
enaturated luciferase (100 ◦C for 2 min).

All values indicated are final concentrations.

.2.2. Method B
The bioluminescence assays were performed in a homemade

uminometer using a commercial photomultiplier tube (HC135,
amamatsu, Middlesex, USA).

A reaction mixture was prepared in ice into a transparent test
ube containing MgCl2 (2 mM), HEPES buffer (50 mM) pH 7.50, L-
MP (2 �M) and luciferase (50 mM). The reaction was initiated by
he injection of 30 �L of d-LH2 (30 �M), and the mixture was incu-
ated for 30 s. Injections of 50 �L of sample or PPi standards were
ade to obtain a final volume of 100 �L. The reaction was allowed

o proceed for 2 min, throughout the process the emitted light was
ecorded and integrated over 0.1 s intervals.

t
1
1
a
w
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All values indicated are final concentrations and the enzymatic
eaction took place at room temperature (25 ◦C).

.3. Chromatographic instrumentation and conditions

The chromatographic system was constituted by a isocratic
ump (Hewlett-Packard 1100 Series, Boeblingen, Germany), a man-
al sample injection valve with a 20-�L loop (Rheodyne 7725i,
ohnert Park, USA), a silica-based C18 reversed-phase column
Hypersil ODS column 4.6 mm × 100 mm, 5.0 �M, Agilent, Santa
lara, USA) and a photodiode array detector (UV 6000LP with
50 mm LighPipe flowcell, Thermo Scientific, San Jose, USA).

lutions were performed at a constant flow rate (0.5 mL/min)
nder isocratic conditions. The mobile phase was composed
f methanol in water (20%, v/v), TBA (20 mM) and Pi buffer
60 mM) pH 7.0.

The ATP peaks were identified by their retention time in relation
o an ATP standard (ATP 25 �M diluted 1:2 in deionized water) at
60 nm.

.4. Methods characterization

.4.1. Method A
To obtain the linear response range calibration curves were

ade. PPi standard solutions between 0.1 and 20 �M were pre-
ared in deionized water and assayed as described in Sections 2.2.1
nd 2.3.

To evaluate precision, assays described in Sections 2.2.1 and 2.3
ere performed with PPi standards of 1 and 8 �M (n = 6 each), and

he precision was expressed as relative standard deviation (R.S.D.)
alues.

.4.2. Method B
To obtain the linear response range calibration curves were

ade. PPi standard solutions between 0.75 and 6 �M were pre-
ared in deionized water and assayed as described in Section 2.2.2.

To evaluate precision, assays described in Section 2.2.2 were per-
ormed with PPi standards of 2.5 and 5 �M (n = 6 each), and the
recision was expressed as R.S.D. values.

.5. Sample analysis

.5.1. Nucleotide interference evaluation
To assess the possible interference from nucleoside triphosphate

NTP) and P3 enzymatic assays were done as described in Sec-
ions 2.2.1 and 2.3. The concentration range used was between 500
nd 2000 �M for CTP and UTP and between 100 and 400 �M for
3.

To further confirm that no interference was exerted by the
ucleotides a recovery assay was performed by spiking an aqueous
olution of CMP (500 �M) with a 2 �M PPi standard solution. A con-
rol was made by replacing the nucleotide with deionized water and
dding a 6 �M PPi standard solution. Both assays were performed
s described in Sections 2.2.1 and 2.3. Curves were obtained by the
ethod of standard additions (PPi standard solutions between 2

nd 16 �M).

.5.2. PPi quantification
The quantification of PPi in nucleotides and P3 preparations was

one by using the method of standard additions. Aqueous solu-

ions of the nucleotides (500 �M in method A and between 200 and
500 �M in method B) and P3 (100 �M in method A and between
00 and 200 �M in method B) were prepared and kept in ice. The
ssays were performed as described in Sections 2.2.1, 2.2 and 2.3
ith the addition of PPi standard solutions between 2 and 16 �M
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n method A and between 0.75 and 6 �M in method B. In method B
Pi standards were co-injected with samples.

If not analyzed immediately the samples were kept at −20 ◦C
fter the enzymatic reactions.

.6. Data analysis

Experimental designs and calculations were done using The
nscrambler® v. 9.2 (CAMO ASA, Oslo, Norway). Evaluation of the
lobal linear model, global quadratic model, quadratic effects and
he shape of the response surfaces was done by analysis of vari-
nce (ANOVA) through the Fisher-ratio (F-ratio), the p-value and
sing the values of a multiple linear regression analysis (regression
oefficients and the corresponding standard errors), respectively
33–36]. The criteria for considering a factor as statistically signif-
cant were higher F-ratios and the regression coefficients higher
han the corresponding standard errors. The analysis of the critical
ffects was done by using the algorithm of Dong [36,37].

All calculations were done with a Microsoft® Excel spreadsheet.
rom calibration curves set up by means of the least square method
he limits of detection (LOD) and limits of quantitation (LOQ) were
alculated as the analyte concentrations which fulfill the follow-
ng criteria: LOD = (a + 3Sy/x) and LOQ = (a + 10Sy/x), where a is the
ntercept of the calibration curve and Sy/x is the random error in the
-direction [38].

In both methods (A and B) PPi concentration was obtained by the
ethod of standard additions. In method A regression lines were

btained by plotting the areas of ATP formed (at 260 nm) in the
nzymatic reaction as a function of the concentrations of PPi stan-
ards added to the samples. The ATP peak areas were integrated
sing the HPLC software package (ExcaliburTM v. 1.4 SR1, Thermo
cientific, San Jose, USA) and the control tubes’ areas were sub-
racted to eliminate the background noise. The PPi concentration
n the sample was given by the ratio of the intercept and the slope
f the regression lines. In method B regression lines were obtained
y plotting the initial velocity of the reaction as a function of the
oncentrations of PPi standards added to the samples. The initial
elocity was obtained for each experimental point by plotting the

ecorded emitted light as a function of time and calculating the
lope of the linear portion of these plots, which corresponds to the
rst 20 s of reaction (Fig. 3). The PPi concentration in the sample was
iven by the ratio of the intercept and the slope of the regression
ines.

t
A
s
[
h

able 1
xperimental designs, factors and corresponding levels researched.

actor Levels

ethod A (HPLC)
ractional factorial design
-AMP concentration ([L-AMP]) (�M) 80
uciferase concentration ([Luc]) (�M) 0.10
H (pH) 7.00

ncubation time (tinc) (min) 5
nactivation time (tinac) (min) 2

entral composite design
L-AMP] (�M) 41.7 50
inc (min) 8 10

ethod B (bioluminescence)
ull factorial design I
Luc] (nM) 10
L-AMP] (�M) 0.2

ull factorial design II
L-AMP] (�M) 1
uciferin concentration ([LH2]) (�M) 10
77 (2009) 1497–1503 1499

. Results and discussion

.1. Factorial analysis of method A

The methodology under development is constituted by an enzy-
atic reaction coupled to the chromatographic detection of ATP.

he IP-HPLC detection of ATP is a well-established analytical pro-
edure and was not subjected to optimization [39]. The important
actors identified in the enzymatic assay were the incubation time
tinc), the enzyme’s inactivation time (tinac), the assay’s pH (pH)
nd the concentrations of L-AMP ([L-AMP]) and luciferase ([Luc]),
hich were analyzed to test their importance to the method’s

ensitivity. Because of the relatively large number of factors to
nalyze, a screening design (fractional factorial design) with five
actors and two levels (plus a center level) was formulated with ten
xperiments (eight cube experiments plus two samples in center
onditions). Table 1 summarizes the experimental design created.

From the analysis of variance (ANOVA) it was concluded that
H, tinc and [L-AMP] have the highest influence over the system’s
esponse (data not shown). The analysis of the critical effects using
he algorithm of Dong confirmed the ANOVA results. Indeed, taking
nto consideration the effects of the factors analyzed (tinc = 21,440;
inac = 10,000; pH = 17,000; [L-AMP] = 24,690; and [Luc] = 2177) and
hat the margin of error is 19,665 and the simultaneous margin of
rror is 36,513, only the factors tinc and [L-AMP] were considered
o be statistically significant [36,37].

From the response surfaces (Fig. 1A–C) it was verified that the
etter responses could be attained using lower [L-AMP] and higher

inc and pH values. As the maximum value of pH tested is also the
ptimal value for luciferase activity it was kept constant at 7.50. Fur-
hermore, as [Luc] and tinac do not significantly affect the response
hey were fixed at the minimum values tested, 0.1 �M and 2 min,
espectively.

In order to achieve the optimum (most sensitive) conditions,
he factors previously identified as critical, [L-AMP] and tinc, were
nalyzed under a central composite design constituted by eleven
xperiments (eight cube experiments plus three samples in cen-
er conditions) (Table 1). The analysis of the effects focused on

he main effects, two-way interactions and quadratic terms. The
NOVA results (data not shown) and the response surface (Fig. 1D)
howed that the longer the tinc the better the results. However, for
L-AMP], a more complex result was obtained since both low and
igh concentrations originated good and equivalent responses. To

100 120
0.55 1.00
7.25 7.50

10 15
3 4

70 90 98.2
12.3 15 16

50 90
0.7 1.2

3 5
20 30
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ignificant factors to the method’s response evaluated by the analysis of variance (A
L-AMP].

heck for this result calibration curves with 40 and 90 �M of L-AMP
ere tested and the results were similar (data not shown). Conse-

uently, the optimum values for the factors analyzed were settled
s [L-AMP] = 40 �M and tinc = 15 min.

.2. Factorial analysis of method B

Method B can be considered experimentally simpler than
ethod A. The key factors were identified as [L-AMP], [Luc] and

he concentration of luciferase’s substrate, luciferin ([LH2]). These
hree factors were analyzed to test about their importance to the

ethod’s sensitivity using a two-step approach (Table 1): a three
evel full factorial design without replicates was used for the anal-
sis of [L-AMP] and [Luc] (nine experiments); and a three level full
actorial design with three replicates was used for the analysis of
L-AMP] and [LH2] and to check if there were any interaction within
hese two factors (twenty seven experiments). Taking into consid-

ration that luciferase is a quite expensive reagent the first design
as planned to be relatively economic (only nine experiments were
one).

The ANOVA results (data not shown) and the analysis of the
esponse surfaces (Fig. 2A) showed that [L-AMP] was the most

3

f
c

Fig. 2. Response surfaces for the optimization of method B (both full f
ctorial design and (D) central composite design. The surfaces represent the most
) in each design. (A) tinc vs [L-AMP]; (B) pH vs [L-AMP]; (C) tinc vs pH; and (D) tinc vs

mportant factor and the higher was its concentration the higher
as the initial velocity of light production. Although [Luc] also

ffected significantly the method’s response there was not a clear
rend (Fig. 2A). Taking into consideration the cost of the enzyme
nd that it was verified an interaction between [Luc] and [L-AMP]
ANOVA, data not shown) its concentration was fixed at 50 nM.

The analysis of the effects of [L-AMP] and [LH2] on the method’s
esponse (Fig. 2B) showed that in the concentration range studied
nly [LH2] had a significant effect and the higher the concentra-
ion the higher was the bioluminescent signal. Accordingly [LH2]
as fixed at the highest concentration analyzed (30 �M) and [L-
MP] = 2.0 �M (slightly above the maximum [L-AMP] used in the
rst experimental design). Under these optimized conditions ([L-
MP] = 2 �M; [Luc] = 50 nM; [LH2] = 30 �M) the response of the
ioluminescent system is proportional to PPi, as can be seen in Fig. 3
or several PPi concentrations.
.3. Figures of merit of the optimized methods

Using the optimized conditions for method A calibration curves
or PPi in water were obtained showing linear trends in the con-
entration range between 0.1 and 20 �M (correlation coefficients

actorial designs). (A) [L-AMP] vs [Luc]; and (B) [LH2] vs [L-AMP].
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ig. 3. Time course of the light emitted in the bioluminescent reaction under opti-
ized conditions (method B) for several PPi concentrations: 0.75, 2.25, 3.00, and

.50 �M. RLU, relative light units.

reater than 0.999). From the calibration curves the LOD and the
OQ were estimated as 0.5 and 1.8 �M, respectively. The precision
R.S.D.) of the method for the assay of PPi in aqueous solutions was
.4% at 1 �M PPi and 5.9% at 8 �M PPi.

Regarding method B calibration curves for PPi in water showed
inear trends in the concentration range between 0.75 and 6 �M
correlation coefficients greater than 0.99), the LOD and the LOQ
ere estimated as 0.624 and 2.23 �M, respectively, and the pre-

ision of the method was 5.1% at 2.5 �M PPi and 4.9% at 5 �M
Pi.

.4. Method A PPi quantification

Several aqueous solutions of nucleotides and P3 were prepared

nd analyzed using the optimized assay. Fig. 4 shows responses of
he assay as a function of the concentrations of CTP, UTP and P3.
he analysis of this figure showed that an increase in CTP and P3
oncentrations provoked a marked increase on the ATP enzymatic

ig. 4. Effect of (A) NTP [CTP (©) and UTP (�)] and (B) P3 in the response of the
ptimized method A. AU, absorbance units.
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roduction while for UTP a relatively constant amount of ATP was
roduced. Also, the responses for CTP and P3 were characterized by
slightly curvilinear dependence with their concentration, partic-
larly in relatively high concentrations (above 1.5 mM for CTP and
bove 400 �M for P3, respectively). These results suggested that
TP and P3 have a higher PPi contamination than UTP and that they

nterfere with the response.
This interference is due to the reaction of P3 with L-

MP leading to L and adenosine 5′ tetraphosphate [p4A
4)], a well established dark (lateral) reaction catalyzed by
uciferase [30,40]. In fact, luciferase catalyzes the synthesis of
denosine(5′)tetraphospho(5′)nucleosides (Ap4N) from any NTP
ontaining an intact terminal pyrophosphate and L-AMP (5)
30,32,40,41]. Although a relatively slow rate of p4A and Ap4N pro-
uction is usually observed in typical luciferase reaction conditions
32], it was observed that the areas of p4A, which could also be
etected by IP-HPLC under method A’s assay conditions, increased
roportionally with the increase in P3 concentration (data not
hown). In order to avoid this interference and to minimize matrix
ffects low concentrations of nucleotides, and especially of P3,
hould be used, PPi concentration should be corrected using the
rea of p4A formed and the method of standard additions should
e applied.

uc·L-AMP + P3 → Luc + L + p4A (4)

uc·L-AMP + NTP → Luc + L + Ap4N (5)

Recovery assays of 2 �M (107.9%) and 6 �M (100.7%) PPi in CMP
500 �M) and in water respectively, using the method of standard
dditions, confirmed that this approach abrogated the interfer-
nces of the analytes in the method’s response, and also showed
hat the new method presents a good accuracy.

Fig. 5A shows typical curves for the determination of PPi in CTP,
MP and P3 solutions by the method of standard additions. The
nalysis of this figure clearly showed that CTP and P3 had a PPi con-
amination whereas AMP was almost free of PPi, as can be deduced
y observing the extension of the curve’s extrapolation in the x-
xis. Also, a control curve where the samples were replaced with
eionized water (Fig. 5A) was parallel to CTP and P3 curves and
uperimposed with the AMP curve, thus confirming the referred
esults. The results of the PPi analysis in the samples were the fol-
owing (molar percentages): CTP 1.1%; UTP 0.18%; CDP 0.41%; and
DP 0.19%. The nucleotides CMP (0.11%), UMP (0.06%), ADP (0.14%)
nd AMP (0.14%) have only traces of PPi contamination (values of
Pi concentration ≤ LOD). The PPi contamination of P3 was 9.1%.

.5. Method B PPi quantification

The same nucleotides and P3 were analyzed for PPi contami-
ation through method B. Fig. 5B presents the curves obtained for
TP, AMP and P3 plus a control in water. Analogously to method A

t was verified a relatively high PPi content in CTP and P3 and a low
Pi contamination in AMP. The results for all the tested compounds
ere the following (PPi contamination in molar percentages): CTP
.84%; UTP 0.24%; CDP 0.51%; UDP 0.15%; CMP 0.09%; UMP 0.06%;
DP 0.21%; AMP 0.23%; and P3 9.4%.

A comparison of the two methods through the PPi percentages
alculated by each of them is shown in Fig. 5C. The plot has a lin-
ar shape with the following linear least squares fitting equation:
Pi% (method A) = 0.0068 + 0.97 PPi% (method B). The correlation

oefficient is 0.9993 (nine data points) and the confidence limit at
he 95% significance level is for the intercept [−0.098; 0.11] and for
he slope [0.94; 1.0]. This result showed that the two methods give
imilar estimates of the PPi content in commercial nucleotides and
3 preparations without any systematic error [38].
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Fig. 5. PPi assay by (A) method A and (B) method B in CTP (©), AMP (�) and P3 (�).
Controls where samples were replaced with deionized water (�) are also shown in
each method. The curves were obtained by the method of standard additions. (C)
Comparison of the two analytical methods by a regression line of the percentages
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f PPi calculated for both methods. Inset: Magnification of the low-range PPi per-
entages (below 1% PPi content). AU, absorbance units; RLU, relative light units; Vi ,
nitial velocity.

. Conclusions

In this work two novel optimized methods for PPi measure-
ent are presented. They are enzyme-based assays that use

uciferase to catalyze the production of ATP from PPi and L-AMP,
ollowed by the quantification of ATP by IP-HPLC with detec-
ion at 260 nm (method A) or by bioluminescence (method B).
he success of method A is based on enzymatic and chromato-
raphic selectivity and method B on enzyme selectivity and fast
ssay time. Another advantageous feature of these new methods
s that the enzymatic assay only requires luciferase, whereas in
ther enzymatic-based methods for PPi quantification a multi-
le enzyme system is required [9–20], making then costly (not

nly because enzymes are expensive and sensitive reagents but
lso because more substrates are needed). These methods were
articularly designed to measure PPi present as contaminant

n nucleotides and other biochemical substances preparations,

[
[
[

77 (2009) 1497–1503

owever they can easily be applied to other biochemical sam-
les.

The experimental design methodology used in the methods’
ptimization allowed, after a relatively small number of experi-
ents, the determination of the experimental factors that make

he methods quite sensitive and robust. The limit of detection of
Pi in these optimized methods is below the micromolar concen-
ration range, which is the range of normal PPi concentrations in
uman fluids [9,42], so these new methods could also be applied,

or example, to clinical evaluation of PPi.
In conclusion these new assays are suitable for PPi quan-

ification in the micromolar concentration range. They do not
equire complex experimental procedures and many samples can
e handled during the same analysis. Furthermore they can be
pplied to determine the level of PPi in commercial reagents
here the presence of this compound must be detected and

uantified.
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a b s t r a c t

A multiple microwave-assisted digestion procedure using small PTFE closed vials (6 mL capacity) inserted
into conventional microwave digestion vessels has been developed as a fast, efficient and clean methodol-
ogy for multielemental analysis of human breast biopsies by inductively coupled plasma optical emission
spectrometry. This small volume strategy allows drastically diminishing the volume of acid needed for
digestion, and in turn, a decrease in sample dilution and an increase in sample throughput is achieved.
A 2IV

4-1 fractional factorial design was used for screening optimization of four variables that can influ-
ence the digestion efficiency: (A) nitric acid volume, (B) pre-digestion step, (C) microwave power, and
(D) digestion time. A validation study included linearity, precision, detection and quantification limits.
Validation against different biological certified reference materials (CRMs) was also performed.

The digestion method is suitable for the determination of Al, Ca, Cu, Fe, K, Mg, Mn, P, S and Zn in small

race elements
nductively coupled plasma optical
mission spectrometry

size biological samples such as breast biopsies (<30 mg dry mass). Forty-seven biopsies from 39 women
were analyzed: 20 samples from healthy women corresponding to mammoplasties and 27 samples from
patients suffering from cancer pathology (19 corresponded to tumour and 8 to adjacent normal tissue). A
significant accumulation of Al, Ca, Cu, K, Mg, Mn, P and Zn was found in tumour as compared to healthy
tissues. When this comparison is made for tumour and adjacent tissues, a significant accumulation of Al,
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althy
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Mg, P and Zn in tumour t
tissues as compared to he

. Introduction

Breast cancer is, among women worldwide, the most common
ause of cancer. The American Cancer Society estimated 238,510
ew female breast cancer cases and 40,460 deaths in 2007 [1].
any trace elements play an essential role in numerous biologi-

al processes, including carcinogenesis. Significant differences in
oncentration of some elements in cancerous tissues and normal
issues have been observed [2–8]. The role of these elements in
he development or inhibition of cancer is still unclear and numer-
us investigations are carried out on this subject. Many of these
tudies have focused on metal induced carcinogenicity, oxidative

tress caused by metals being the most important mechanism [9].
owever, some of these elements are involved at the same time in

he antioxidant defense, i.e. taking part of enzymes such as super-
xide dismutases [10], and then, it is still under discussion if the
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was observed. Finally, only Ca significantly accumulates in the adjacent
tissues.

© 2008 Elsevier B.V. All rights reserved.

ccumulation of these elements is a consequence or a need for the
evelopment of the disease [7].

Therefore, in view of the state of the art concerning elements
nd cancer, the simultaneous determination of several elements
n human biopsies is increasingly demanded. Different multiele-

ental analytical techniques have been used for biopsies samples:
-ray fluorescence that has been the most used with this purpose
2,8,11–16], X-ray emission [4–17], instrumental neutron activation
nalysis [6–18] and more recently, inductively coupled plasma mass
pectrometry (ICP-MS) [5,15,19]. Application of non-destructive
echniques requires sophisticated and expensive equipment and
ence, inductively coupled plasma optical emission spectrometry
ICP-OES) can be an alternative for determining some essential and
on-essential elements. Only in a few papers this technique has
een applied to the analysis of human biopsies [20–22]. Basle et

l. [20] determined Na, K, Mg, Cu, Zn, Fe, Sr, Al, B and Si in cortical
one, Hamada et al. [21] analyzed liver from children with hepa-
obiliary disease to determine Mg, Zn and Cu and Olszewski et al.
22] determined Al and Pb in tissue bioptates from patients with
aryngeal papilloma or cancer.
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Microwave-assisted digestion with acids is a sample treatment
sually needed when ICP-OES is selected as the determination tech-
ique. The small quantity of sample available as well as the low
lemental concentration makes the use of conventional digesters
roublesome. Usually, the digestions are carried out in large volume
TFE vessels (50–120 mL approximately) and this results in rela-
ively large volumes (e.g. 10–25 mL). Small volume digestion strate-
ies can be necessary when small samples are analyzed to avoid the
mportant loss in sensitivity that occurs because of dilution.

Small vessels for microwave digestion (20 mL) [23], polystyrene
r glass liners (15 and 20 mL, respectively) [19–24] and Teflon
losed vials (7 mL or 6 mL) into a conventional microwave vessel
15,25–29] have been used for organic and biological microsam-
les. Many of these liners usually need specific microwave ovens
nd rotors, and therefore, they cannot be easily amenable to all lab-
ratories. When the number of samples to be analyzed increases,
he use of several vials heated in a conventional microwave vessel
ould significantly increase sample throughput with no changes

n the conventional microwave digester.
In a previous work, a microwave-assisted digestion method

ased on the use of small PTFE vials inserted into a conventional
icrowave vessel for ultratrace element determination in breast

iopsies by ICP-MS was reported [30].
In this work, we extend this method to the determination of

ssential (Ca, Cu, Fe, K, Mg, Mn, P, S, Zn) and non-essential (Al)
lements in breast biopsies by ICP-OES. The effects of the rele-
ant variables involved in the digestion procedure were evaluated
y means of a 2IV

4-1 fractional factorial design. Forty-seven breast
iopsies from both healthy women and women with breast cancer
athology were analyzed. A statistical comparison among elemen-
al contents in tumour tissues, adjacent-to-tumour tissues and
ealthy tissues (i.e. from mammoplasties) was made.

. Experimental

.1. Instrumentation

Atomic emission measurements were performed with a
erkinElmer (Überlingen, Germany) model Optima 4300 DV induc-
ively coupled plasma atomic emission spectrometer, equipped
ith a PerkinElmer autosampler model AS90 plus and WinLab32TM

oftware. Axial viewing mode was used. The instrumental settings
nd operating conditions are shown in Table 1.

Digestions of breast biopsies and certified reference materials
CRMs) were carried out with a microwave digestion system Multi-
ave 3000 Oven (Anton Paar, Graz, Austria) equipped with a rotor
f 8 PFA digestion vessels of 100 mL volume. PFA closed vials of
mL capacity (Savillex, Minnetonka, USA) inserted into 100 mL
apacity vessels were used. Fig. 1 shows a cross section of a diges-
ion vessel with the three vials inside. The dimensions of the vials
60 mm height, 10 mm diameter) and those of the microwave ves-
els (200 mm height, 25 mm diameter) allow inserting three vials,
ne over the other.

A Retsch (Haan, Germany) mixer mill MM 2000, equipped with
0 mL capacity agate cups and agate balls, was used for grinding
iopsy samples.

.2. Reagents and standards

High-purity deionised water (resistance 18 M� cm) from a Milli

water purification system (Millipore, San Quentin, France) and

ltrapure grade HNO3 (Hyperpur-Plus, Panreac, Barcelona, Spain)
ere used throughout the work. A multielement standard stock

olution containing 10 mg L−1 (Cu, Mg and Mn) and 100 mg L−1

Al, Ca, Fe, K and Zn) (ICP Multi Element Standard Certipur® VI

2

b
s

ig. 1. Teflon perfluoralkoxy (PFA) small vials inserted into a conventional Teflon
FA microwave vessel.

erck, Darmstadt, Germany) and single element stock solutions
f 1000 mg L−1 (P and S) (CPI International, USA) were used for
alibration. Internal standardization was carried out with 115In
2 �g L−1) prepared from a single element standard stock solution
f 1000 mg L−1 (Merck). All standards were prepared daily by dilu-
ion with HNO3 2% (v/v).

In order to avoid contamination, clean procedures during sam-
ling, handling and analysis were adopted. All glassware and
olyethylene containers were previously washed and kept for 24 h

n 10% (v/v) nitric acid and then were rinsed at least three times with
ltrapure water. All manipulations were carried out in a Class 100

aminar flow hood (Cruma, Barcelona, Spain) inside a clean room.
.3. Sampling and sample preparation

Forty-seven biopsies corresponding to 39 women were provided
y the POVISA Hospital (Vigo, Spain). Twenty samples corre-
ponded to healthy women (i.e. mammoplasties). Twenty-seven
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Table 1
Instrumental parameters and operating conditions for ICP-OES with Perkin-Elmer Optima 4300 DV.

Radiofrequency power (W) 1500
Plasma gas flow (L min−1) 15.0
Auxiliary gas flow (L min−1) 0.2
Nebuliser gas flow (L min−1) 0.4
Sample flow rate (mL min−1) 2
Nebuliser Concentric glass, Meinhard Type K
Spray chamber Cyclonic
Stabilization time (s) 15
Replicate time (s) 5
R 3
D Al (3
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iopsies corresponded to women who had been diagnosed with
reast cancer, nineteen of which belonged to tumour tissue and
ight to adjacent normal tissues. Patients were mostly resident in
he area of Vigo (109 km2, 465,000 inhabitants) and entered into
his study before any chemotherapy or radiotherapy. The average
ge of these patients was 59 years, with a range between 29 and
1 years. For the healthy women group, the average age was 39
ears (range 21–67). In this area, breast cancer deaths per 100,000
nhabitants were 27.0 in 2002 [31]. This figure is bigger than that
orresponding to USA in the same year (24.2) [1].

Among 19 tumour breast biopsies, 15 corresponded to malig-
ant tumours and 4 to benign tumours (fibroadenomas). Among
he malignant tumours, 13 corresponded to invasive ductal carcino-

as (IDC) and 2 to invasive lobular carcinomas (ILC). Five tumours
orresponded to stage I (evidence of tumour growth), seven to stage
I (local spread), one to stage III (extensive local and regional spread)
nd two to stage IV (metastasis).

Once collected, biopsies were subjected to cryogenic freezing for
reservation. In the lab, biopsies were rinsed in ultrapure water and
ried at 60 ◦C to constant weight. Then, biopsies were ground with
mixer mill for 3 min and stored in closed polyethylene vessels at
◦C until analysis.

.4. Small volume microwave-assisted digestion procedure

A portion of biopsy sample (20–30 mg) was accurately weighed
nto a Teflon PFA closed vial. A volume of 0.3 mL of concentrated
itric acid was added. Three closed vials were prepared and placed

nto the Teflon PFA conventional microwave vessel (Fig. 1). Next,
mL of water were added to increase the external pressure and

acilitate a uniform heating. In total, with eight conventional diges-
ion vessels, 24 digestions can be made in a heating run. After
eating and cooling, the digests were made up to volume using
mL flasks. With each set of digestions a blank was included. Three
ubsamples of each biopsy were digested.
Four certified reference materials were employed for validation

urposes: BCR 185R (bovine liver) from the Institute for Reference
aterials and Measurements (IRMM, Geel, Belgium) and DORM-
(dogfish muscle), TORT-2 (lobster hepatopancreas) and DOLT-3

e
a
b
d
m

able 2
IV

4-1 fractional factorial design for optimization of small volume microwave-assisted dig

xperiment number Experiment order Volume of HNO3 (mL)

4 0.3
8 0.6
6 0.3
1 0.6
3 0.3
7 0.6
2 0.3
5 0.6
96.153); Ca (317.933); Cu (327.393); Fe (238.204); K (766.490); Mg (285.213); Mn
.610); P (213.617); S (181.975); Zn (206.200)

dogfish liver) from the National Research Council Canada (NRCC,
ttawa, Canada).

.5. ICP-OES determination

Elements were determined by ICP-OES (axial configuration).
on-spectral interferences in the plasma were reduced by careful
ptimization of the instrumental parameters, use of robust plasma
onditions and appropriate wavelengths. The presence of matrix
ffects was investigated by recovery experiments using the spiked
RM BCR 185R. No interferences were observed for the differ-
nt elements determined. Then, the determination of elemental
oncentrations was based on a calibration graph obtained from
tandard aqueous solutions with addition of In as internal standard.
alibration graphs were built from three replicates measurements.

. Results and discussion

.1. Multivariate optimization of digestion procedure

CRM BCR-185R (bovine liver) was used for optimization of
igestion procedure. Four variable influencing the digestion were
ptimized using a 2IV

4-1 fractional factorial experimental design
32]: (A) volume of nitric acid (0.3 mL level minimum and 0.6 mL
evel maximum); (B) step of pre-digestion (no, minimum level and
es, maximum level; in the latter, a 450 W power and a 2 min time
ere employed); (C) power in the digestion step (250 W minimum

evel and 450 W maximum level); (D) digestion time (15 min mini-
um level and 30 min maximum level). These values were chosen

ollowing preliminary experiments. For any combination of factor
evels, the sample was completely digested.

The 2IV
4-1 experimental design allows assessing the effect of

our variables with eight experiments (Table 2). Experiments were
un randomly and by triplicate. The emission signal intensity for

ach experiment was obtained. The significance of variable effects
nd two-factor interactions (without confusions) was established
y comparing their values with twice the statistical error of the
esign (2S) and p < 0.05. Fig. 2 shows the Paretto bar plots for
ain effects. As can be observed, neither significant effects nor

estion.

Pre-digestion Digestion power (W) Digestion time (min)

No 250 15
No 250 30
Yes 250 30
Yes 250 15
No 450 30
No 450 15
Yes 450 15
Yes 450 30
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calculated for tumour, adjacent and healthy distributions). In order
to compare the results, a non-parametric Mann–Whitney U test was
applied for assessing the differences between cancerous/adjacent,
cancerous/healthy and adjacent/healthy tissues. Statistical data
analysis was performed with SPSS 14.0. The values for the statistical
ig. 2. Main effects obtained for the selected variables (variable A, volume of nitr
igestion step). Experimental errors of the design are represented by dashed lines.

ignificant interactions are present. This allows concluding that any
f the studied levels can be used. Criteria of rapidity and econ-
my were selected: (A) 0.3 mL of nitric acid; (B) pre-digestion
longer lifetime of vials and vessels was observed with a 2 min pre-
igestion step); (C) 250 W digestion power; (D) 15 min digestion
ime.

These results indicate an efficient and robust sample digestion
ethodology. The robustness of this methodology was assessed by

omparing the mean concentration value obtained from two sets of
esults (five independent samples each) obtained with BCR-185R.
he first set of data was acquired with proposed operative condi-
ions, while the second one was obtained with different microwave
igestion working conditions (0.5 mL of nitric acid, without pre-
igestion, 450 W and 20 min). Mean results from the two data sets
ere compared by means of a t-test (p < 0.05). The results were

tatistically comparable and the method is considered to be robust.

.2. Analytical performance

Table 3 shows validation data: instrumental and procedural
imits of detection (LOD) and quantification (LOQ), linearity and
epeatability.

Instrumental LODs and LOQs were obtained using the back-
round equivalent concentration (BEC) of the analyte, which was
alculated from the ratio of 10 measurements of the blank and the
lope of the calibration curve. The LODs were calculated as three
imes the standard deviation of the blank (3� criterion) and the
OQs as ten times the standard deviation of the blank (10� crite-
ion). Procedural LOD and LOQ values in biopsies were determined
onsidering the instrumental LOD and LOQ values and the sample
reatment (30 mg of dry sample in 5 mL of solution after digestion
nd dilution).

Calibration was performed with a series of standard concen-
rations in the ranges shown in Table 3. In all cases, regression
oefficients were higher than 0.999 for calibration curves. Sensitiv-
ty was the slope value obtained by least-square regression analysis
f the calibration curves.

The precision of the method, expressed as relative standard
eviation (RSD), was evaluated in terms of repeatability. RSDs were
btained from five independent digestions and from three repli-
ates of the same digestion. RSDs were lower than 3%.

Different certified reference materials were used to evaluate

he accuracy: BCR 185 R (bovine liver), TORT-2 (lobster hepatopan-
reas), DORM-2 (dogfish muscle) and DOLT-3 (dogfish liver). Table 4
hows the obtained results. Found and certified values were com-
ared using a t-test, no significant differences were observed
texp < tcrit; n 5; p < 0.05). For the elements that are not certified in

F
a

; variable B, pre-digestion step; variable C, microwave power; variable D, time of

he different CRMs, recovery experiments with spiked CRM BCR
85R were performed. In all cases, recoveries were in the range
7–104%.

The method displayed adequate analytical characteristics for the
lements and samples under study.

.3. Sample analysis

Forty-seven breast biopsy samples were analyzed following the
roposed procedure. Analytical results are summarized in Table 5
s mean, median and range (minimum and maximum) correspond-
ng to tumour, adjacent normal and healthy normal tissues. Three
eparate digestions of each sample were made. In general, it is pos-
ible to observe the accumulation of different elements in tumour
reast tissues. This trend can be seen in Fig. 3, where the ratios
f average concentration values corresponding to tumour/healthy,
umour/adjacent and adjacent/healthy tissues are plotted. These
atios confirm the order of element concentrations: tumour tis-
ues ≥ adjacent normal tissues ≥ healthy tissues. Ratios between
.3 and 5.1 were obtained when the mean values of tumour and
ealthy tissues are considered, between 1.4 and 3.4 for tumour and
djacent tissues and between 0.9 and 2.0 for adjacent and healthy
issues.

Non-significant correlations were found between element con-
ents and the age of patients for the three groups of biopsies.

The large variability of element concentrations in the differ-
nt samples indicates that results are not normally distributed
skewness and kurtosis coefficients and their standard errors were
ig. 3. Elemental concentration ratios of tumour-to-adjacent, tumour-to-healthy
nd adjacent-to-healthy tissues.
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Table 3
Analytical characteristics.

Element Instrumental Methodological Linear range (�g L−1) Slope (L �g−1) RSD (%)

LOD (�g L−1) LOQ (�g L−1) LOD (�g g−1) LOQ (�g g−1)

Al 1.71 5.70 0.43 1.43 20–500 97304 2.33
Ca 0.04 0.13 0.01 0.03 100–2500 163252 2.39
Cu 3.12 10.40 0.78 2.60 5–100 105974 2.25
Fe 2.03 6.77 0.51 1.69 50–1000 103803 2.26
K 25.14 83.80 6.29 20.95 100–2500 3952 0.41
Mg 0.23 0.77 0.06 0.19 100–2500 450167 2.12
Mn 0.38 1.27 0.10 0.32 5–100 435474 2.46
P 38.26 127.53 9.57 31.88 100–10000 2282 1.48
S 40.15 133.83 10.04 33.46 100–10000 393 1.04
Zn 1.53 5.10 0.38 1.28 10–250 115899 2.37

Table 4
Validation of the proposed method against different CRMs.

Element BCR-185R TORT-2 DORM-2 DOLT-3

Foundb Certifieda Foundb Certifieda Foundb Certifieda Foundb Certifieda

Al 9.5 ± 0.9 – 33.1 ± 3.4 – 11.8 ± 1.3 10.9 ± 1.7 27.5 ± 3.0 25c

Ca 143 ± 9 – 3331 ± 242 – 485 ± 43 – 567 ± 29 –
Cu 282 ± 10 277 ± 5 106 ± 8 106 ± 10 2.27 ± 0.17 2.34 ± 0.16 30.7 ± 0.5 31.2 ± 1.0
Fe 179 ± 6 – 102 ± 10 105 ± 11 147 ± 7 142 ± 10 1487 ± 51 1484 ± 57
K 11285 ± 366 – 8065 ± 121 – 14425 ± 287 – 10002 ± 261 –
Mg 649 ± 23 – 1184 ± 87 – 1024 ± 85 – 1275 ± 83 –
Mn 11.52 ± 0.33 11.07 ± 0.29 13.9 ± 0.9 13.6 ± 1.2 3.44 ± 0.31 3.66 ± 0.34 9.01 ± 0.16 –
P 13020 ± 368 – 10332 ± 249 – 10112 ± 228 – 13500 ± 250 –
S 8162 ± 174 – 10430 ± 263 – 7957 ± 272 – 13695 ± 274 –
Zn 142.2 ± 4.6 138.6 ± 2.1 190 ± 12 180 ± 6 25.7 ± 1.2 25.6 ± 2.3 87.6 ± 1.6 86.6 ± 2.4

Results are expressed in �g g−1.
–: Values non-certified.

a Average value ± confidence interval (p < 0.05).
b Average value of five different digestions ± standard deviation.
c Indicative value.

Table 5
Elemental concentrations in tumour and non-tumour tissues (�g g−1).

Element Tumour tissue (n = 19) Adjacent normal tissue (n = 8) Healthy normal tissue (n = 20)

Mean Median Range Mean Median Range Mean Median Range

Al 82.8 50.0 12.1–297.0 24.2 18.5 8.0–48.00 19.2 13.0 1.0–76.1
Ca 1239.3 785.3 298.2–5195.6 571.5 483.5 66.0–1231.0 322.9 354.5 16.0–781.5
Cu 3.9 3.1 1.1–8.9 2.8 2.3 1.00–6.02 2.2 2.05 0.9–4.4
Fe 80.4 39.0 3.0–337.4 46.9 54.0 3.0–91.0 34.8 14.5 2.3–123.0
K 357.2 286.3 31.2–1725.7 207.4 113.5 34.00–907.0 135.7 116.5 20.1–579.2
Mg 236.4 208.4 61.0–534.0 118.0 72.5 8.00–310.0 65.7 64.0 6.4–124.4
M
P 57
S 161
Z

p
S
e
p

T
M

E

A
C
C
F
K
M
M
P
S
Z

n 1.7 0.7 0.1–5.6 0.8
1797.7 1356.5 255.1–4688.5 844.4
3030.8 2851.2 1370.5–6912.7 1983.4

n 48.6 43.1 15.2–192.4 17.9
arameter (ı) corresponding to the above test are shown in Table 6.
ignificant differences (p < 0.05) were obtained for all elements,
xcept for Fe and S, when tumour and healthy tissues were com-
ared. When tumour and adjacent tissues are compared, significant

able 6
ann–Whitney test.

lement ı Tumour/healthy ı Tumour/adjacent ı Adjacent/healthy

l 0.000a 0.009a 0.605
a 0.000a 0.254 0.043a

u 0.002a 0.137 0.709
e 0.175 0.633 0.304

0.038a 0.159 0.709
g 0.000a 0.022a 0.381
n 0.001 0.232 0.281

0.000a 0.044a 0.304
0.194a 0.071 0.328

n 0.000a 0.005a 0.601

a Significant (p < 0.05).

d
n

c
b
a
c
t
d
c
[
e
m
m
h

b
f

0.51 0.09–2.05 0.4 0.2 0.1–0.9
7.0 206.0–1533 558.5 520.0 48.2–1266.7
9.0 370.0–3853.0 2299.1 2322.5 214.5–3915.3
9.8 5.70–63.30 9.5 9.3 4.1–13.9

ifferences were observed for Al, Mg, P and Zn. Only Ca displays sig-
ificant differences when comparing adjacent and healthy tissues.

The significant accumulation of Ca, both in tumour and adja-
ent tissue, is indicative of the presence of microcalcifications in
oth cases, but particularly in tumours. These microcalcifications
re one of the most usual diagnostic markers of breast cancer and
an be found in benign and malignant lesions. The microcalcifica-
ion composition can indicate the disease state. Calcium oxalate
ehydrate (deposits type I) is associated with benign lesions and
alcium hydroxyapatite (deposits type II) with malignant lesions
33]. Calcium hydroxyapatite crystals may play an active role in the
xtension of cancer in surrounding cells; this can explain the accu-
ulation of Ca in adjacent tissue also. This compound improves

itogenesis in cell lines MCF-7 and Hs578T and also in normal

uman mammary epithelial cell lines [34].
Aluminium accumulates in the tumour tissue in spite of not

eing an essential element. Significant differences were obtained
or tumour/healthy and tumour/adjacent for this element. Al is
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mnipresent in everyday life, and this fact results in an increase
f this non-essential metal in the body burden. Aluminium in
ntiperspirants has been related to a potential role in breast cancer
35,36]. This element is capable of causing both DNA alterations
nd epigenetic effects. A possible interference in the functioning
f intracellular receptors for estrogens has been suggested. These
eceptors act as ligand-activated zinc finger transcription factors
35]. The aluminium content of breast tissue in the outer regions
axilla and lateral) was found to be higher than in the inner regions,
nd this can be due to the proximity to the application area of
ntiperspirant [36].

Zn, Cu and Mn are significantly accumulated in tumour with
egard to healthy tissues. For Zn, there are also significant differ-
nces between tumour and adjacent tissues. In general, it is possible
o consider a role of these elements as cellular growth protectors.
xidant–antioxidant balance is considered as the principal regula-

or of growth factors and invasion of tumour cells [9]. Zn, Cu and Mn
re cofactors of enzymes with important catalytic functions in the
ntioxidant defense system as superoxide dismutases. Manganese
uperoxide dismutase is the major defense mechanism against
itochondrial reactive oxygen species that induce oxidative stress.

u/Zn superoxide dismutase is known as a scavenger of superox-
des. The overexpression of these enzymes inhibits breast cancer
rowth [37]. Particularly, elevated Zn concentration in mammary
umours has been associated with an upregulated metallothionein
xpression with an increased metallothionein protein level [4,38].

Metallothioneins are the main detoxification mechanism for
rotecting the cell against heavy metals. These proteins also take
art in the homeostasis of Zn and Cu, and the level of this protein
roup has been significantly correlated with the contents of Cu and
n in tumour tissues [39].

The accumulation of Mg, K and P in tumour tissues can be
xplained by the need of metabolic energy for supporting a higher
ate of cell proliferation in the tumourgenesis. These elements

re involved in the generation and the transport of the metabolic
nergy. A wide range of metabolic enzymes involved in the trans-
er phosphate groups requires Mg. In general, phosphorous as ATP
lays a key role in the bioenergetics. The ionic gradients Na–K that
riginate across the cellular membranes are basic for cellular life.

able 7
oncentration intervals found in the literature for tumour, adjacent and healthy
reast tissues (�g g−1).

lement Tumour Adjacent Healthy

l 10a–78a 10a–36a 0.11b–11.8b

a 44c–1719a 9c–575a −
u 0.86d–78.92e 0.29d–48.87e 0.24f–3.05g

e 7h–1840a 3i–925a 1f–24f

85i–7630a 17i–5050j 87f–2230j

g 25j–272j 15j–218j 320j –360j

n 0.3a–22.2e 0.2a–20.3e −
170j–1002j 48j–424j −

792k–4960i 175i–415i −
n 1.07g–138.95e 2.12d–61.98e 0.5f–9.34g

he sign minus represents non-reported values. Values are expressed in �g g−1 wet
issue.

a Ref. [18].
b Ref. [35].
c Ref. [40].
d Ref. [2].
e Ref. [4].
f Ref. [3].
g Ref. [5].
h Ref. [7].
i Ref. [16].
j Ref. [41].
k Ref. [8].
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etabolic energy, resulting from the hydrolysis of the ATP upon
ctivation by Mg2+, is needed for the maintenance of this gradient.

Elemental concentrations found in this work compare well with
ublished data (Table 7). Elevated levels of Al and Ca in tumour
issues can be generally seen.

. Conclusions

Multiple microwave-assisted digestions carried out in small
ials inserted into conventional microwave vessels display sev-
ral advantages: (a) increased sample throughput; (b) suitability
or small sample sizes (20–30 mg dry weight); (c) minimum dilu-
ion; (d) decreased acid volume for digestion. This methodology has
roved accurate and robust and is well suited to the determination
f different elements (Ca, Cu, Fe, K, Mg, Mn, P, S and Zn) in biop-
ies by ICP-OES. Statistically significant differences in concentration
ere obtained for all elements, except for Fe and S, when tumour

nd healthy tissues were compared. Ca and Al stand out, since they
ccumulate to a large extent in tumour tissues. Ca accumulates in
umour due to the formation of microcalcifications, which play an
mportant role in the extension of tumours to adjacent tissues.
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a b s t r a c t

A novel on-line preconcentration and determination system based on a fiber-packed column was devel-
oped for speciation analysis of Cr in drinking water samples prior to its determination by flame atomic
absorption spectrometry (FAAS). All variables involved in the development of the preconcentration
method including, pH, eluent type, sample and eluent flow rates, interfering effects, etc., were studied in
order to achieve the best analytical performance. A preconcentration factor of 32 was obtained for Cr(VI)
and Cr(III). The levels of Cr(III) species were calculated by difference of total Cr and Cr(VI) levels. Total
Cr was determined after oxidation of Cr(III) to Cr(VI) with hydrogen peroxide. The calibration graph was
linear with a correlation coefficient of 0.999 at levels near the detection limit and up to at least 50 �g L−1.
The relative standard deviation (R.S.D.) was 4.3% (C = 5 �g L−1 Cr(VI), n = 10, sample volume = 25 mL). The
limit of detection (LOD) for both Cr(III) and Cr(VI) species was 0.3 �g L−1. Verification of the accuracy was
Flame atomic absorption spectrometry
carried out by the analysis of a standard reference material (NIST SRM 1643e “Trace elements in natural
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water samples.

. Introduction

Chromium is one of the most abundant elements on earth and
s found naturally in rocks, soil, plants, animals, volcanic dust and
ases [1]. It can percolate into the soil by leaching and has the poten-
ial to contaminate groundwater, which can be a major source of
rinking water [2]. In aqueous solution, it is mainly present as Cr(III)
nd Cr(VI) oxidation states [3–6]. The properties of these species
re very different from a chemical and toxicological point of view.
rivalent Cr, the main chemical species found in food, is essential for

aintaining normal glucose and lipid metabolism (group 3 of IARC)

1,6,7]. On the other hand, hexavalent Cr-containing compounds are
onsiderably toxic and known to be carcinogenic and mutagenic
or humans (group 1 of IARC) [6]. Thus, considerable emphasis has
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sfully applied to the determination of Cr(III) and Cr(VI) species in drinking

© 2008 Elsevier B.V. All rights reserved.

een given to the development of analytical methodologies for Cr
pecies separation and determination.

Since one of the routes of incorporation of Cr into the human
ody is water, its determination in this type of samples becomes
ery important. The Food and Agriculture Organization of the
nited Nations (FAO) and the World Health Organization (WHO)

ecommend a guideline value of 0.05 mg L−1 Cr for drinking water
6]. Therefore, powerful analytical techniques are required and only
ew of them show enough sensitivity. Among them, electrothermal
tomic absorption spectrometry (ETAAS) and inductively coupled
lasma mass spectrometry (ICP-MS) are the most commonly used
or trace Cr determination [8]. Despite flame atomic absorption
pectrometry (FAAS) continues to be highly employed in routine
nalytical laboratories, the low concentration levels of Cr that can
e found in water are not compatible with the detection limit
chieved by this technique.

Therefore, determination of Cr species at trace levels, usually

ncludes preparation and preconcentration steps prior to elemen-
al detection in order to achieve accurate, reliable and sensitive
esults [9,10]. Some preconcentration methods have used chela-
ion with diphenylcarbazide [11,12] or 4-(2-thiazolilazo)-resorcinol
TAR) [13], as a previous step to metal adsorption on polymeric
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Table 1
Instrumental and experimental conditions

Flame type Air–C2H2

Wavelength 357.9 nm
Slit width 0.7 nm
Lamp current 25 mA
Measurement mode Peak height
Air flow rate 6 L min−1

Acetylene flow rate 2 L min−1

Sample introduction flow rate 9 mL min−1

Column characteristics
Effective bed length 43 mm
Internal diameter 3 mm
Fiber amount 70 mg

Preconcentration conditions
Loading flow rate 2 mL min−1
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oading volume 25 mL
luent NaOH (1 mol L−1)
topped-flow time 5 min

esins, like XAD [14,15]. On the other hand, ionic exchange mate-
ials, like alumina [16,17] and commercial polymeric resin, such
s Dowex or Amberlite, have been widely used with good results
1,18,19]. Other techniques, such as precipitation and coprecipita-
ion [20,21], have also been applied for Cr determination at trace
evels. However, many of these methodologies were performed in
atch, requiring considerable sample volumes in order to reach low
etection limits, turning these procedures time-consuming and

mpractical in routine analysis. This situation has been significantly
mproved by utilizing on-line preconcentration systems coupled to
lemental detectors, such as FAAS [22].

An alternative material for metal retention, especially for reme-
iation purposes, has been wool and/or fiber of animal origin.
iber proteins have polar and ionizable groups on the side chain
f amino acid residues and bind charged species such as metal
ons. In fact, feather or silk proteins have been used for purification
f heavy metal-contaminated waste water [23]. Studies on wool
eratin for binding of heavy metals as well as coloring with metal
omplexes, such as o-o′-dihydroxyazo Cr compounds, began in the
950s [23,24]. However, to date fibers have not been implemented
n analytical chemistry to develop metal preconcentration.

In the present work, the novel application of animal fiber for the
fficient retention and preconcentration of Cr is showed. An on-line
ow injection preconcentration system consisting of a fiber-packed
olumn for Cr(VI) retention was developed and coupled to FAAS
etection. Cr(III) and Cr(VI) species were differentiated by oxidation
f Cr(III) into Cr(VI) by hydrogen peroxide prior retention of the
econd species in the fiber-packed column. Therefore, total content
f Cr was then evaluated based on Cr(VI) species determination.
he analytical parameters for optimal speciation along with the
ossible mechanisms of Cr retention on the fiber are discussed.

. Experimental

.1. Instrumentation

The measurements were performed with a PerkinElmer (Uber-
ingen, Germany) Model 5100PC atomic absorption spectrometer
quipped with a Cr hollow cathode lamp. The FAAS instrumen-
al and operating conditions that provided the best sensitivity for
r(VI) signal are listed in Table 1.
The flow injection system is shown in Fig. 1. A Gilson (Villiers
e-Bell, France) Minipuls 3 peristaltic pump equipped with tygon-
ype pump tubes (Gilson) were employed to propel the sample,
eagent and eluent. The sample injection was achieved using a six-
ay rotary valve from Upchurch Scientific (Oak Harbor, WA, USA).

t
(
c
a
l

ig. 1. Schematic diagram of the instrumental setup. S, sample; E, eluent; W, waste;
1 and P2, peristaltic pumps; V1, six-way valve; V2, six-way valve. (a) Load position
nd (b) injection position.

.2. Reagents and chemicals

A stock standard solution of 1000 mg L−1 Cr(III) was prepared
rom 7.6930 g chromium nitrate (99.99%) (Cr(NO3)3·9H2O) (Merck,
armstadt, Germany) dissolved in ultrapure water and diluted to
000 mL with a final HNO3 concentration of 0.05 mol L−1. Working
olutions were prepared by dilution of the stock standard solution.

A stock standard solution of 1000 mg L−1 Cr(VI) was prepared
rom 2.8287 g potassium dichromate (99.5%) (K2Cr2O7) (Aldrich,

ilwaukee, WI, USA) dissolved and diluted to 1000 mL with
ltrapure water. Working standard solutions were prepared by
ppropriate dilution with ultrapure water.

We prepared 1 mol L−1 sodium hydroxide solution from NaOH
Aldrich) and used it for Cr(VI) elution from the column. A nitric
cid solution of 1 mol L−1was prepared from proper dilution of 65%
w/w) HNO3 (Merck). We prepared these solutions as a carrier for
onditioning the column and regeneration.

Ultrapure water (18 M� cm) was obtained from a Milli-Q water
urification system (Millipore, Paris, France).

All reagents were of analytical reagent grade and the presence
f Cr was not detected in the working range.

All bottles used for storing samples and standard solutions, as
ell as the glassware were washed in 10% (v/v) nitric acid for 24 h

nd finally rinsed with ultrapure water.

.3. Preparation of the fiber-packed column

Llama (lama glama) fibers with no treatment were purchased at
ocal stores. The llama fiber was washed before using in an ultra-
onic bath with a detergent solution followed by 0.5 mol L−1 sodium
ydroxide, 1 mol L−1 nitric acid and finally water. The fiber was
ried at room temperature until constant weight. A glass column
3 mm i.d. and 55 mm length) was used for preconcentration. An
mount of 70 mg of llama fiber was used to pack the column up to an
ffective bed length of 43 mm. The column was finally washed with
ltrapure water followed by conditioning with 0.5 mol L−1 sodium
ydroxide and 1 mol L−1 nitric acid.

.4. Separation and preconcentration procedure

Initially, the column was conditioned for preconcentration at
−1
he correct pH with 1 mol L nitric acid, valve V1 in position B

Fig. 1). The sample solution was then loaded on the fiber-packed
olumn at a flow rate of 2 mL min−1, with valve V1 in S position
nd valve V2 in load position (a). After the loading time, the loading
ines and column were washed with 1 mol L−1 nitric acid, with the
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Fig. 2. (a) Dependence of Cr(VI) retention on fiber material with the pH of load-
ing solutions. (b) Relationship between buffer concentration and Cr(VI) retention.
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alve V1 again in position B. Finally, valve V2 was switched to the
njection position (b) and the column was loaded with 1 mol L−1

odium hydroxide followed by a 5-min stopped-flow. After this
ime the retained Cr species was eluted with 1 mol L−1 sodium
ydroxide solution at a flow rate of 9.5 mL min−1, directly into the
ebulizer and subsequently the flame. The procedure was based
n the retention of Cr(VI) on the fiber. After oxidation of Cr(III),
otal Cr was evaluated by applying the preconcentration procedure
escribed above. The concentration of Cr(III) species was calculated
s the difference between the total concentration of Cr and that of
r(VI).

.5. Oxidation of Cr(III) species

Hydrogen peroxide was used for oxidation of Cr(III) to Cr(VI). A
tandard solution (100 �g L−1 Cr(III)) volume of 70 mL was added
ith 500 �L of 100 vol. hydrogen peroxide. This solution was heated

n a thermostatic water bath for 40 min at 93 ◦C and then boiled on a
eating plate for 10 min in order to remove any excess of hydrogen
eroxide. After this procedure, the resulting solution was cooled
o room temperature and then taken up to 100 mL with ultrapure
ater.

.6. Sample collection and conditioning

For the collection of tap water samples, domestic water was
llowed to run for 20 min and approximately a volume of 1000 mL
as collected in a beaker. The water samples were filtered through
.45 �m pore size membrane filters (Millipore) immediately after
ampling and acidified to pH 2 with nitric acid. Finally, samples
ere stored in bottles (Nalgene; Nalge, Rochester, NY, USA) at 4 ◦C.

. Results and discussion

.1. Optimization of loading variables

Sample pH value plays an important role with respect to the
dsorption of Cr(III) and Cr(VI) onto microcolumns. The pH of
edia is a critical parameter as Cr speciation is dependant on this

actor. Thus, Cr(VI) can exist primarily as chromic acid (H2CrO4)
nd its salts, hydrogen chromate ion (HCrO4

−) and chromate ion
CrO4

2−). The predominant species are H2CrO4 at pH < 1, HCrO4
−

t pH 1–6, and CrO4
2− at pH 6 [25]. Loading conditions were opti-

ized by monitoring Cr signal with FAAS while changing the pH
f the solutions that passed through the column. The effect of pH
as evaluated in the range of 1.1–6.1. As can be seen in Fig. 2a, it is

vident that Cr(VI) retention resulted optimum at pH 4 and hence,
his value was selected for all experiments.

The possibility of using a buffer to keep a constant pH 4 was
nvestigated using a 2-mol L−1 sodium acetate/acetic acid solu-
ion. Buffer concentrations were in the range of 6.7 × 10−3 to
.13 mol L−1. However, when this buffer system was used, a consid-
rable drop in sensitivity was observed (Fig. 2b). This phenomenon
an be explained considering a possible competition between
cetate ion and Cr(VI) anionic species by the active sites of the fiber.
herefore, pH was adjusted by addition of proper amounts of acid
r base.

A flow rate ranging between 0.5 and 6 mL min−1 was found
o be suitable for optimal loading on the fiber-packed column.
igher flow rates did not lead to any improvement of Cr retention.

his could be probably due to insufficient contact time between
he sample solution and the fiber. A flow rate of 2 mL min−1 was
elected.

The influence of the column length was investigated between
5 and 115 mm. In the analytical range of this work, increasing the

a
e
b
N
F

reconcentration of 25 mL of 100 �g L−1 Cr(VI) at pH 4.0. Other conditions were as
hown in Table 1.

ber amount did not improve the preconcentration and recovery
f Cr(VI). Therefore, a fiber bed length of 43 mm was chosen as
ptimal.

.2. Optimization of elution variables

In order to elute Cr(VI) species retained on the fiber, hydroxides
ere used as eluents. The eluting agents were ammonium hydrox-

de and sodium hydroxide in concentrations ranging from 0.5 to
mol L−1. As it is shown in Fig. 3, the highest efficiency for Cr elu-

ion from the column was achieved with 1 mol L−1 NaOH solution.
igher concentrations of this eluent resulted to be less effective. On

he other hand, Cr recoveries obtained with ammonium hydroxide
ere lower to that of NaOH for each concentration level. Based on

hese observations, 1 mol L−1 NaOH solution was selected as eluent
or further experiments.

An important variable to be optimized was the contact time
f the eluent solution with the fiber. Thus, it was observed that
minimal contact time was needed in order to achieve total
lution of Cr from the column (Fig. 4). Elution was performed
y a stopped-flow procedure filling the column with 1 mol L−1

aOH and keeping the eluent for 5 min before injection into
AAS.
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Fig. 3. Effect of types and concentration of eluting agents. (�) Sodium Hydroxide;
(�) ammonium hydroxide. Other conditions were as shown in Table 1.
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ig. 4. Effect of stopped-flow time on Cr elution efficiency from the fiber-packed
olumn. Other conditions were as mentioned in Table 1.

.3. Retention efficiency and preconcentration factor

A retention percentage higher than 99.8% was achieved when
he procedure was carried out under optimal experimental condi-
ions (Table 1). Therefore, an enrichment or preconcentration factor
f 32 was obtained for a sample volume of 25 mL. The amount of
r(VI) species retained on the fiber was determined in batch. A

0-mL portion of 60 mg L−1 Cr(VI) solution was adjusted to pH 4
ith nitric acid and shaken with 100 mg of fiber in a glass flask for

0 min. Adsorption capacity of llama fiber material was found to
e 25.2 mg Cr(VI) g−1 of dried fiber. It can be stated that adsorption

C

d
7

able 2
valuation of the separation of Cr(VI) and Cr(III) species

r(VI)/Cr(VI) ratio Cr(VI)

Added (�g L−1) Found (�g L−1) Recove

1 42 41.5 99.0
2.66 32 31.4 98.3
1 22 21.5 97.7
0.37 12 11.8 98.3
0.05 2 1.90 95.4
77 (2009) 1290–1294 1293

apacity of llama fiber is higher than those reported for others ion
xchange materials such as alumina [10] and nanometer-sized zir-
onium oxide immobilized on silica gel [26], but significantly less
xpensive as compared to these materials.

.4. Separation of Cr(III) and Cr(VI) species

Oxidation of Cr(III) to Cr(VI) was needed in order to allow Cr(III)
etention on the fiber as Cr(VI) species. Hydrogen peroxide was
elected as oxidant due to its high oxidation capacity and the pos-
ibility of it being eliminated from the reaction media by simple
eating of the mixture. Therefore, several hydrogen peroxide con-
entrations 2.5, 4.9 and 9.8 × 10−2 mol L−1 and at different pH of
he media (pH 4, 8.3, and 11) were assayed. Optimal Cr(III) reten-
ion and recoveries were achieved for 4.9 × 10−2 mol L−1 hydrogen
eroxide at pH 8.3.

In order to assess the selectivity of the proposed method for
r(III) and Cr(VI) determination, it was applied to several stan-
ard solutions at different concentration ratios of the two oxidation
tates. Table 2 indicates that Cr(III) and Cr(VI) species were com-
letely separated and quantitatively recovered. The method was
hus shown to have an acceptable performance for selective deter-

ination of Cr species under different conditions.

.5. Interferences

The effects of representative potential interfering species (at the
oncentration levels at which they may occur in the sample stud-
ed) were tested. The recovery of the analyte was not influenced by
O3

2−, Cl−, SO4
2−, PO4

3− and Fe3+ ions, probably due to the reten-
ion capacity of the fiber that avoided fast saturation of the column.
hese ions could be tolerated up to at least 2,000 �g L−1.

.6. Determination of Cr species in water samples

After separation/preconcentration by the proposed procedure,
he calibration graphs for FAAS determination of Cr(VI) were linear,
chieving a relative standard deviation (R.S.D.) of 4.3% (C = 5 �g L−1,
= 10, sample volume = 25 mL). Linearity of calibration curve was
bserved at levels near the detection limit and up to at least
00 �g L−1. The calibration graph showed a correlation coefficient
f 0.999. The limit of detection (LOD), calculated based on three
imes the standard deviation of the background signal (3�), was
.3 �g L−1. The preconcentration factor was obtained as the ratio
f the slopes of the calibration curves for Cr(VI) with and without
he preconcentration step. The accuracy of the proposed method
as evaluated by analyzing a standard reference material, NIST

RM 1643e “Trace Elements in Water”, with a reported Cr con-
r content determined in this SRM was 20.1 ± 1.9 �g L−1.
The results of the method applied to Cr(III) and Cr(VI)

etermination in drinking water samples were in the range of
.3–14.2 �g L−1 for Cr(VI) and 1.2–2.4 �g L−1 for Cr(III). The results

Cr(III)

ry (%) Added (�g L−1) Found (�g L−1) Recovery (%)

2 1.90 96.5
12 11.9 99.8
22 21.8 99.2
32 32.8 102
42 79.6 99.8
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Table 3
Analysis of Cr(VI) and Cr(III) in drinking water samples (95% confidence interval; n = 6)

Sample Cr(VI) Cr(III)

Added (�g L−1) Found (�g L−1) Recovery (%)a Added (�g L−1) Found (�g L−1) Recovery (%)a

1 0 10.3 ± 1.5 – 0 2.4 ± 0.3 –
10 20.1 ± 1.9 99.6 10 12.5 ± 0.9 100.0

2 0 7.3 ± 0.7 – 0 1.2 ± 0.2 –
10 17.6 ± 1.2 100.0 10 11.0 ± 1.6 98.0

a
w
[
s

4

s
s
l
s
m
s
t

i
w
p
d
C
w

A

C
C
–

R

[

[

[

[

[

[
[
[

[

[
[

[
[22] G.M. Wuilloud, R.G. Wuilloud, J.C.A. De Wuilloud, R.A. Olsina, L.D. Martinez, J.

Pharmaceut. Biomed. 31 (2003) 117.
3 0 14.2 ± 1.4 –
10 24.1 ± 2.3 99.8

a 100 × ((found−base)/added).

re shown in Table 3. Concentration levels observed in this work
ere not significantly different to those reported by Bulut et al.

14], Wuilloud et al. [9], and Saygi et al. [1], for Cr(III) and Cr(VI)
pecies in drinking water samples.

. Conclusion

The methodology developed in this work provides a novel,
imple, and inexpensive approach to achieve high retention and
eparation of Cr(III) and Cr(VI) species. The results showed that
lama fiber has high and reproducible retention capacity of Cr(VI)
pecies and hence, it is proposed as an effective alternative to other
ore expensive ionic exchanger materials. The preconcentration

ystem provided an enrichment factor of 32 as a consequence of
he high Cr retention (99%) on the fiber.

The coupling of an on-line preconcentration system to FAAS
ncreases the speed of the preconcentration and analysis process,

hile reducing sample consumption and contamination risks. The
roposed on-line preconcentration system associated with FAAS
etection allowed the separation and determination of Cr(III) and
r(VI) species in drinking water samples at levels as low as �g L−1

ith good accuracy and reproducibility.
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a b s t r a c t

A simple isocratic reversed-phase high-performance liquid chromatographic method (RP-HPLC) was
developed for the simultaneous determination of buprenorphine hydrochloride, naloxone hydrochlo-
ride dihydrate and its major impurity, noroxymorphone, in pharmaceutical tablets. The chromatographic
separation was achieved with 10 mmol L−1 potassium phosphate buffer adjusted to pH 6.0 with orthophos-
phoric acid and acetonitrile (17:83, v/v) as mobile phase, a C-18 column, Perfectsil Target ODS3
(150 mm × 4.6 mm i.d., 5 �m) kept at 35 ◦C and UV detection at 210 nm. The compounds were eluted
isocratically at a flow rate of 1.0 mL min−1. The average retention times for naloxone, noroxymorphone
and buprenorphine were 2.4, 3.8 and 8.1 min, respectively. The method was validated according to the
ICH guidelines. The validation characteristics included accuracy, precision, linearity, range, specificity,
limit of quantitation and robustness. The calibration curves were linear (r > 0.996) over the concentration
range 0.22–220 �g mL−1 for buprenorphine hydrochloride and 0.1–100 �g mL−1 for naloxone hydrochlo-
Tablet formulation ride dihydrate and noroxymorphone. The recoveries for all three compounds were above 96%. No spectral
or chromatographic interferences from the tablet excipients were found. This method is rapid and simple,
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. Introduction

Buprenorphine (Fig. 1a) is an oripavine derivative possessing
artial mu agonist and kappa antagonist opioid activity with a
otency of 20–40 times higher than that of morphine [1,2]. It has
een used successfully by intramuscular, intravenous and sublin-
ual routes for the treatment of moderate to severe pain at doses
rom 0.3 to 0.6 mg [3]. Clinical studies have shown that buprenor-
hine, like methadone, can also be used for the treatment of opioid
ddiction and withdrawal patients from heroin [4,5]. It is usually
dministered in sublingual formulation as either liquid or water-
oluble tablets. As such, they can be diverted for illicit intravenous

se. In an effort to circumvent this possibility, buprenorphine has
ow been coformulated in sublingual tablet with the mu antagonist,
aloxone (Fig. 1b). Recently, sublingual tablets containing a fixed
ose combination of buprenorphine hydrochloride (BH) and nalox-
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eparation and is suitable for routine quality control analyses.
© 2008 Elsevier B.V. All rights reserved.

ne hydrochloride dehydrate (NH), at a ratio of 4:1 with respect to
he free bases, have been approved by the Food and Drug Adminis-
ration (FDA) for treating opiate dependence [6]. They are available
n two strengths: 2 mg/0.5 mg tablets containing 2.16 mg BH (equiv-
lent to 2 mg buprenorphine base) and 0.61 mg NH (equivalent
o 0.5 mg naloxone base); and 8 mg/2 mg containing 8.64 mg BH
equivalent to 8 mg buprenorphine base) and 2.44 mg NH (equiva-
ent to 2 mg naloxone base).

A literature survey reveals that there are a number of vari-
us analytical methods available for the quantitative individual
etermination of buprenorphine, or combination with other drugs
ainly using chromatographic methods such as gas chromatogra-

hy with electron-capture [7] or mass spectrometry [8,9] detection
nd HPLC with fluorescence [10], electrochemical [11] or mass
pectrometry detection [12–14]. However, all of these methods
nvolve an extraction and/or derivatization steps, which demand
ome well-known drawbacks including the possibility of incom-

lete derivatization, additional chromatographic interferences and

ncreased method complexity and sample preparation time.
The British Pharmacopeia (BP) provides two different poten-

iometric titration methods for assay of BH and NH. Regarding
he related substances, however, two distinct RP-HPLC procedures
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Fig. 1. Chemical structures of buprenorph

ave been proposed, one for buprenorphine using UV detection at
88 nm, and another for naloxone impurities at 230 nm. BP specifies
ve substances as possible impurities for NH; one of them, noroxy-
orphone (NM, Fig. 1c), the starting material in NH synthesis, may

ause gastric disturbance with nausea, vomiting and constipation
nd is required to be controlled [15]. In the United States Pharma-
opoeia (USP), however; without specifying any other impurities
han noroxymorphone hydrochloride, a TLC method is described
or the determination of this compound and other NH impurities,
et monograph improvement has been requested [16,17].

It is worth noting the lack of official methods for assays of active
ngredients and related substances in pharmaceutical preparations
n pharmacopoeia, especially when it is currently possible to find
plethora of methods based on HPLC of these compounds. How-

ver, to the best of our knowledge, there are no chromatographic
ethods in the literature for the analysis of any buprenorphine

osage forms. The only reported analysis of buprenorphine in phar-
aceutical products includes a spectrophotometric method based

n colored ion-pair formation [18]. Hence, an attempt has been
ade to develop a simple, efficient and selective method for the

etermination of BH, NH and its major degradation impurity, NM,
n sublingual tablets. In this study, HPLC instrumentation with UV
etection, which is readily available in most analytical and pharma-
eutical laboratories, was used. The method requires no extraction
r derivatization steps reducing the total analysis run time to less
han 10 min.

. Experimental

.1. Materials

Reference standards were purchased from Macfarlan Smith
Edinburgh, UK) and were checked against European Pharma-
opoeia CRS standards (Strasbourg, France). The common tablet
xcipients and commercial marketed products were provided by
arou Darman Pars (Tehran, Iran). All other reagents were spec-

rophotometric or HPLC grade obtained from Romil Chemicals
Loughborough, UK). Water purified via a Milli-Q system, Millipore
orp. (Bedford, USA) was used for all purposes.

.2. Instrumentation and chromatographic conditions

The HPLC system consisted of a Younglin ACME 9000 (Seoul,
orea) equipped with a quaternary pump, online degasser, column
eater, autosampler and UV detector. Data collection and anal-
ses were performed using Autochro 2000 software (Younglin).

eparation was achieved on C-18 column, Perfectsil Target ODS3
150 mm × 4.6 mm, 5 �m) with a 10 mm × 4.0 mm, 5 �m guard
olumn (MZ-Analysentechnik, Mainz, Germany). The elution was
socratic with mobile phase of acetonitrile and 10 mmol L−1 potas-
ium phosphate buffer adjusted to pH 6.0 with orthophosphoric

2
p
s
s

), naloxone (b) and noroxymorphone (c).

cid (83:17, v/v). The flow rate was 1.0 mL min−1 and yielded a back-
ressure of about 740 psi. The column temperature was maintained
t 35 ◦C, the detection was monitored at a wavelength of 210 nm and
njection volume was 20 �L.

.3. Standard solutions and calibration graphs for
hromatographic measurement

Stock standard solutions of BH, NH and NM were separately
repared in methanol using individual EP CRS standards to obtain
oncentrations of 440, 200 and 200 �g mL−1, respectively. If
aziness was observed in NM solution, addition of about 0.5%,
.1 mol L−1 HCl was sufficient to clarify the solution. Calibration
tandards at eight levels were prepared by appropriately mixed and
urther diluted stock standard solutions in the concentration range
f 0.022–220 �g mL−1 for BH and 0.01–100 �g mL−1 for NH and
M. Similarly, quality control (QC) standard solutions were pre-
ared daily by diluting the corresponding stock standard solutions
f individual reference standards for the final QC concentrations
f 4.8, 48 and 240 �g mL−1 for BH and 2.4, 24 and 120 �g mL−1 for
H and NM, respectively. Samples in triplicates were made for each
oncentration and peak areas were plotted against the correspond-
ng concentrations to obtain the calibration graphs.

.4. Sample preparation

A number of 20 accurately weighed tablets were ground into a
ne powder using a glass mortar and pestle. A portion equivalent to
bout four tablets (typically each contains 2.16 mg BH and 0.61 mg
H) was accurately weighed and transferred to a 20 mL volumetric
ask. Approximately 15 mL methanol and about 0.5%, 0.1 mol L−1

Cl were added to the flask and the contents were vortex-mixed
or 10 min. The flask was adjusted to volume and mixed well. The
esulting solution was filtered using 0.45 �m PTFE filter into stan-
ard analytical glass vials and injected into the HPLC. Three such
amples were prepared from each 20-tablet mixture according to
he USP criteria and injected triplicate.

.5. Method validation

The method was validated according to the ICH guidelines [19].
he following validation characteristics were addressed: linearity,
ccuracy, precision, specificity, limits of detection and quantitation
nd robustness.

.5.1. System suitability testing (SST)

System suitability standard solution which contained

00 �g mL−1 BH, 100 �g mL−1 NH and 0.1 �g mL−1 NM was
repared by appropriately diluting and mixing the corresponding
tock standard solutions. System suitability was determined from
ix replicate injections of the system suitability standard before
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ample analysis. According to the monograph, the acceptance
riteria for NH were less than 2% R.S.D. and a signal-to-noise ratio
f at least ten for the corresponding peak area. For NM, acceptance
riteria were less than 2% R.S.D. for peak area and not less than
our for the resolution between the peaks corresponding to NM
nd NH. Resolution was calculated as defined by the USP.

.5.2. Linearity and range
Standard calibration curves were prepared with seven calibra-

ors over a concentration range of 0.22–220 �g mL−1 for BH and
.1–100 �g mL−1 for both NH and NM. The data of peak area versus
oncentration were treated by linear least square regression analy-
is. The standard curves were evaluated for intra-day and inter-day
inearity.

.5.3. Accuracy
To study the reliability and suitability of the developed method,

ecovery experiments were carried out. Placebo samples were
piked with different amount of BH and NH at 50, 100 and 150%
n duplicate for each one (n = 6) over the theoretical values, and NM
t 0.1% over the NH content. Measured values were compared with
he theoretical concentration. Recovery for pharmaceutical formu-
ations should be within the range 100 ± 5%. The R.S.D. percent of
ndividual measurements was also determined. The results must
e less than 5%.

.5.4. Precision
The precision of the developed method was assessed in terms of

epeatability and intermediate precision by analyzing three repli-
ate QC standard samples at 50, 100 and 150% levels that cover the
alibration ranges for BH and NH, and at a single concentration of
.1 �g mL−1 for NM. The %R.S.D. values of the results corresponding
o the peak area and retention time were expressed for intra-day
recision and on 3 days for intermediate (inter-day) precision.

.5.5. Specificity
Injections of the extracted placebo were performed to demon-

trate the absence of interference with the elution of the BH, NH
nd NM. Samples containing NH’s main impurities, the NM, were
lso injected. For determining selectivity of the method, a powder
lend of typical tablet excipients containing lactose monohydrate,
annitol, maize starch, povidone K30, citric acid anhydrous gran-

lar, sodium citrate, natural lemon and lime flavour, acesulfame
otassium and magnesium stearate was prepared and analyzed.
ll chromatograms were examined to determine if compounds of

nterest co-eluted with each other or with any additional excipient
eaks.

.5.6. Limits of detection and quantitation
The limit of detection (LOD) and limit of quantitation (LOQ) for

he procedure were performed on samples containing very low
oncentrations of analytes under the ICH guidelines. By applying
he visual evaluation method, LOD was expressed by establishing
he minimum level at which the analyte can be reliably detected.
OQs were considered as the lowest concentration of analytes in
tandards that can be reproducibly measured with acceptable accu-
acy and precision.

.5.7. Robustness

The robustness of the method was evaluated by analyzing

he system suitability standards and evaluating system suitability
arameter data after varying, individually, the HPLC pump flow rate
±10%), organic solvent content (±6%) and column compartment
emperature (±14%).

p
v
a

77 (2009) 1415–1419 1417

. Results and discussion

.1. Method development and optimization

NM is a major impurity of NH drug substance. The main target of
he chromatographic assay method development was to separate
he impurity co-eluted with naloxone. Typically, method develop-

ent focuses on identifying buffer type, strength and pH, organic
olvent and implementing small changes to optimize selectivity
nd enhance resolution. Initially, NM was found to be co-eluted
ith naloxone by using different stationary phases such as C-8 and
-18, with mobile phases containing buffers like phosphate, at dif-

erent pH and temperature, and organic solvents like methanol and
cetonitrile.

At the first stage, a C-8 column chemistry and potassium phos-
hate buffer, pH 3.0, were used with methanol as the organic
olvent. Though the column was base deactivated for improved
eak shape of basic compounds, both peak symmetry and res-
lution between two compounds were poor. Subsequently, an
cceptable peak shape and resolution were achieved by increasing
he buffer pH to 6.0, approximately 2.5 and 2.0 pH units above the
Ka1 of BH and NH, respectively; and using ternary solvent system
onsisting of 10% acetonitrile and 70% methanol as organic solvent.
evertheless, the run time was prohibitively long at approximately
4 min.

In order to better exploit the polarity differences between the
esired compounds, while maintaining a short run time; two C-18
olumns were evaluated. A typical silica-based monolithic column,
hich proves to dramatically reduce the analysis time, was exam-

ned at first. Although the retention time of buprenorphine reduced
o about 6.0 min, applying the monolithic column at its best oper-
ting conditions (an organic content of 45% ACN at a flow rate
f 2.0 mL min−1 and oven temperature of 40 ◦C), produced nei-
her complete resolution between the first peak (naloxone) and
ontaminants co-eluted at the beginning, nor better asymmetry
actor of 0.7 for studied compounds. The excessive resolution at the
eginning of the chromatogram and appropriate peak shape were
nally achieved by switching to a base deactivated Perfectsil tar-
et ODS3 column. For optimum resolution, peak asymmetry and
nalysis time, the mobile phase consisting of 10 mmol L−1 potas-
ium phosphate buffer adjusted to pH 6.0 with orthophosphoric
cid and acetonitrile (17:83, v/v) was used. To improve repeatabil-
ty of runs, shorten analysis time and reduce back pressure, which is
mportant to extending the column life time, the column oven tem-
erature was set at 35 ◦C. In the optimized conditions, NM and the
rug substances naloxone and buprenorphine were well separated
ith resolutions of more than 10 and 18, and asymmetry factors

ery close to 1.0. The optimal wavelength was established experi-
entally after measuring all spectra in mobile phase and testing the

etector response of analytes using UV absorbance scanned over
he range of 190–400 nm. Although the absorption maxima recom-

ended by BP for BH and NH were 288 and 230 nm, respectively; it
as shown that 210 nm is the optimal wavelength to maximize the

ensitivity and has no interference with other components of the
ormulation. Under the experimental conditions investigated, the
etention times for naloxone, noroxynorphone and buprenorphine
ere 2.40, 3.84 and 8.06 min, respectively (Fig. 2).

.2. Method validation
When a method has been optimized it must be validated before
ractical use. By following the ICH guidelines for analytical method
alidation, Q2 (R1), the SST was performed and the validation char-
cteristics were addressed.
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Table 1
Linearity parameters for the simultaneous estimation of NH, NM and BH.

Parameter Naloxone hydrochloride Noroxymorphone Buprenorphine hydrochloride

Linearity range (�g mL−1) 0.10–100 0.10–100 0.22–220
Slope 67.70 ± 0.24 75.75 ± 0.55 79.80 ± 0.12
Intercept 28.90 ± 7.01 193.10 ± 0.59 −35.20 ± 6.86
Correlation coefficient (r) 0.9997 ± 0.0001 0.9961 ± 0.0005 0.9997 ± 0.0001
Residual sum of squares 0.00028 0.00378 0.00036

Values are reported as mean ± S.D. of three calibration curves generated on three consecutive days (n = 3). Seven concentrations in the linearity range were evenly distributed.

Table 2
Method validation results for studied compounds.

Naloxone hydrochloride Noroxymorphone Buprenorphine hydrochloride

SST
Theoretical plates 6485 7599 8668
Asymmetry (As) 1.0 1.1 1.0
Resolution (Rs) 3.5 10.3 18.8
Repeatabilitya, tR (%R.S.D.) 0.3 1.7 1.3
Repeatabilitya, A (%R.S.D.) 0.6 1.5 0.6

Validation
Precisiona,b (%R.S.D.) 3.1 2.9 4.2
Accuracya,b (%R.S.D.) 4.1 5.0 3.3
Accuracy (%recovery) 102.8 96.2 102.3
Selectivity No interference No interference No interference
LOD (�g mL−1) 0.01 0.01 0.02
LOQ (�g mL−1) 0.10 0.10 0.22
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a Intra-day precision (repeatability), inter-day precision and accuracy were tested
H and at a single concentration of 0.1 �g mL−1 for NM under the guidelines of ICH
b Inter-day precision and accuracy were determined with three replicates on thre

.2.1. System suitability
The system suitability test ensures the validity of the analyti-

al procedure as well as confirms the resolution between different
eaks of interest. All critical parameters tested met the acceptance
riteria on all days. According to the monograph, however, the area
f an individual secondary chromatographic peak, which appears
n the test sample, should not exceed 0.5% of the naloxone peak
rea, and the total area of all secondary peaks, 1% naloxone peak
rea. In addition, the resolution between the peak corresponding

o naloxone and NM in the chromatogram obtained with reference
olution should not be less than 4 at S/N of at least 10 [15]. Ade-
uate resolution of >10 between the naloxone and its impurity,
M, meets the acceptance criteria indicated in the monograph. As

ig. 2. Representative chromatograms obtained for the mobile phase, placebo and
C standard (corresponding to the 24, 24 and 48 �g mL−1 NH, NM and BH, respec-

ively).
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alyzing three replicate QC standard samples at 50, 100 and 150% levels for BH and

secutive days.

hown in the chromatogram, all three analytes are eluted by form-
ng symmetrical single peaks well separated from the solvent front
Fig. 2).

.2.2. Linearity and range
For the construction of calibration curves, seven calibration

tandard solutions were prepared over the concentration range of
.22–220 �g mL−1 for BH and 0.1–100 �g mL−1 for NH and NM. The
esults, summarized in Table 1, show a good correlation between
nalytes peak area and concentration with r > 0.996 (n = 7).

.2.3. Accuracy and precision
Accuracy and precision were established across the analytical

ange for BH, NH and NM. The intra- and inter-day accuracy and
recision were calculated from the QC samples (Table 2). Repeata-
ility (intra-day precision) of the analytical method was found to
e reliable based on %R.S.D. (<2%) corresponding to the peak areas
nd retention times. Intermediate precision (inter-day accuracy)
as demonstrated on different days and evaluating the peak area
ata at three QC standards that cover the assay method range. The
R.S.D. values were less than 5% and illustrated the good precision

or the analytical method. For determining accuracy, placebo solu-
ions spiked with reference standards were used. The recovery was
00 ± 5% for all samples with %R.S.D. less than 5%.

.2.4. Specificity
Injections of the extracted placebo were performed to demon-

trate the absence of interference with the elution of the drugs and
mpurity. These results demonstrate that there was no interference
rom other materials in the tablet formulation; therefore, confirm
he specificity of the method (Fig. 2).
.2.5. Sensitivity
The limit of detection and limit of quantitation decide about the

ensitivity of the method. Tests for the procedure were performed
n samples containing very low concentrations of analytes based
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Table 3
Method validation data for robustness study.

Parameter altered Retention time, tR (min) Resolution (Rs) Asymmetry (As)

N NM B N NM B N NM B

Optimized chromatographic conditionsa 2.4 3.8 8.0 3.5 10.3 18.8 1.0 1.1 1.0
Increased organic solvent (16:84) 2.3 3.7 8.0 2.5 8.75 18.1 0.9 1.0 1.0
Decreased organic solvent (18:82) 2.4 3.9 8.1 3.0 9.4 20.1 1.1 1.15 1.1
Increased flow rate (1.1 mL min−1) 2.2 3.7 7.8 1.8 8.2 17.8 1.0 1.1 1.0
Decreased flow rate (0.9 mL min−1) 2.6 3.9 8.3 4.2 9.3 18.7 1.1 1.2 1.15
Decreased column temperature (30 ◦C) 2.5 4.0 8.3

a Chromatographic conditions were 10 mmol L−1 potassium phosphate buffer, pH 6.0/
detection at 210 nm.
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ig. 3. Representative chromatogram obtained for a commercially available BH/NH
4:1) drug product (N: naloxone; B: buprenorphine).

n the visual evaluation method. In this method, LOD is determined
y the analysis of samples with known concentration of analyte and
y establishing the minimum level at which the analyte can be reli-
bly detected. Accordingly, the LOQ is determined by the analysis
f samples with known concentration of analytes and by establish-
ng the minimum level at which the analyte can be quantified with
cceptable accuracy and precision (R.S.D. <2%). The LOD and LOQ
alues were found to be 0.022 and 0.22 �g mL−1 for BH and 0.01
nd 0.1 �g mL−1 for both NH and NM.

.2.6. Robustness
To ensure the insensitivity of the developed HPLC method to

inor changes in the experimental conditions, it is important to
emonstrate its robustness. None of the alterations caused a sig-
ificant change in resolution between naloxone and NM, peak area
.S.D., USP tailing factor and theoretical plates (Table 3). Although
he changes in retention times were more significant, separation
as sufficient and quantitation was still possible.

.3. Analysis of the marketed product

The validated method was used in the analysis of a marketed

roduct in a 70 mg tablet dosage form with dose strength of 2.0 mg
H/0.5 mg NH. Representative chromatogram is shown in Fig. 3.
he results for the drugs assay and the concentration of impurity
M were in good agreement with the label claims. BH content was
etween 91.4 and 93.5%, and for NH between 97.2 and 104.7%. The

[
[

[

3.6 10.5 20.1 1.1 1.2 1.1

ACN (17:83) maintained with flow rate of 1.0 mL min−1, temperature at 35 ◦C and

mount of NM was found below the detection limit (0.01 �g mL−1)
nd, therefore, should be less than 0.1% over the NH content.

. Conclusion

A simple isocratic reversed-phase HPLC method proposed was
ound to be accurate, precise, linear across the analytical range and
obust. The method was specific for the simultaneous determina-
ion of BH, NH and its primary impurity NM in a tablet formulation.
ll the parameters for three substances met the criteria of the ICH
uidelines for method validation. The method could therefore be
ecommended for routine quality control analysis of raw materials
nd various buprenorphine and naloxone dosage in tablet formu-
ations by assaying for potency and accurately monitoring the NM
mpurity.
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a b s t r a c t

Cefotaxime a third generation cephalosporin drug estimation in nanomolar concentration range is demon-
strated for the first time in aqueous and human blood samples using novel Schiff base octahedral Zn(II)
complex. The cefotaxime electrochemistry is studied over graphite paste and Zn(II) complex modified
graphite paste capillary electrodes in H2SO4 (pH 2.3) using cyclic voltammetry and differential pulse
voltammetry. Cefotaxime enrichment is observed over Zn(II) complex modified graphite paste electrode
probably due to interaction of functional groups of cefotaxime with Zn(II) complex. Possible interactions
between metal complex and cefotaxime drug is examined by UV–vis and electrochemical quartz crys-
tal microbalance (EQCM) techniques and further supported by voltammetric analysis. Differential pulse
voltammetry (DPV) with modified electrode is applied for the determination of cefotaxime in acidified
aqueous and blood samples. Cefotaxime estimation is successfully demonstrated in the range of 1–500 nM
Differential pulse voltammetry
Antibiotic estimation

for aqueous samples and 0.1–100 �M in human blood samples. Reproducibility, accuracy and repeatabil-
ity of the method are checked by triplicate reading for large number of samples. The variation in the
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. Introduction

Cephalosporins are the second major group of �-lactam class of
ntibodies with broad spectrum of antimicrobial properties. Their
ntibacterial and pharmacokinetic properties have wide therapeu-
ic use [1–5]. These are classified into four generations based on
heir resistance towards �-lactamase degradation. Cephalosporins
ave an added advantage that penicillin allergic patients can be
reated with these antibiotics.

Cefotaxime is third generation cephalosporin having broad
ctivity against gram positive cocci (not enterococcus) and gram
egative bacteria (not Pseudomonas). The syn-configuration of the
ethoxyimino moiety gives stability to �-lactamase enzymes pro-

uced by many gram-negative bacteria which results into its broad
ntibacterial activity. Cefotaxime has wide clinical applications
ncluding treatment of infection in respiratory tract, gynecologic,
kin, bone and joint, urinary tract, septicemia, and documented or

uspected meningitis.

The determination of cephalosporins is important not only in
he field of human health for pharmacokinetic analysis but also
or quality control in food and fermentation industry to check

∗ Corresponding author. Tel.: +91 542 2307047; fax: +91 542 2368707.
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than 10% without any interference of electrolyte or blood constituents.
© 2008 Elsevier B.V. All rights reserved.

heir illegal use as in food preservation, processing, introduction
f antibiotics in dairy products and as fodder additives [6].

Till now several methods have been reported to study various
ephalosporins such as spectrophotometric [7–9] and chromato-
raphic [10–14] techniques, though these methods give good
ensitivity and selectivity but are rather time consuming and have
omplicated analysis and sample preparation steps. Therefore, elec-
roanalytical techniques are the method of choice for fast and rapid
etermination of cephalosporins. Most of these methods utilized
olarographic activity involving reduction of antibiotics at hanging
rop mercury electrodes by using differential pulse polarography
nd adsorptive stripping voltammetry [15–29]. A very few analysis
ncorporate electrochemical oxidation of cephalosporins, the first
eference is obtained from the work of Fabre et al. [30] at solid elec-
rodes and carbon paste electrodes to avoid the mercury hazards
31–34].

Cephalosporins are sulfur containing compounds. Electrochem-
cal study of sulfur containing compounds have been done with
old, platinum, carbon electrodes [35–37], but severe working
onditions may led to electrode poisoning and improper cur-

ent signal. To overcome this problem modified electrodes were
sed and reported in literature. Carbon based electrodes due to
heir low cost, low electrical resistance, ease of modification, and
ide potential window are widely used in voltammetric analysis.
lassy carbon [38–40], carbon paste [41–43], carbon compos-
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tion cephalosporin drug as shown in Fig. 3) was studied using
modified carbon paste electrode. Cyclic voltammetry (CV) and dif-
ferential pulse voltammetry (DPV) were used for the estimation of
drug using modified carbon paste capillary as working electrode.
P. Nigam et al. / Tala

te [44–46] are mostly used as modified electrodes for chemical
nalysis.

Chemically modified electrodes (CMEs) have continued to be of
ajor concern during the past decade and much attention is paid

o develop modified electrodes and applications of different types
f CMEs. Recently, modified electrode with carbon nanotubes for
ighly sensitive and selective analysis of various analytes has been
eveloped and applied for cephalosporins [47–50]. Modification of
lectrodes with suitable biocompatible materials provides a way
f non-hindered electrochemistry of redox biological compounds.
his phenomenon generally results in increased selectivity and sen-
itivity of the determinations. It is a well known fact for years that
ertain transition metal complexes with phthalocyanines [51,52],
orphyrins [53,54] and Schiff bases [55,56] can catalyze the electro-
xidation of some chemical and biological important compounds
ia involvement of their central metal ions. A number of these com-
ounds, as electron mediators in modified electrodes have been
pplied characterized for electrocatalysis of cysteine and its deriva-
ives [57], glutathione [58], 2-thioglycolic acid [51], penicillamine
55], captopril [59,60], cephalosporins [56] and other sulfhydryl
ompounds [61,62]. Transition metal complex with Schiff base lig-
nd shows scientific interest due to their wide implementations
55,56,60].

In the present study electrochemical estimation of cefotaxime,
hird generation of cephalosporin, is examined using novel Schiff
ase Zn complex. To the best of our knowledge for the first time an
lectrochemical estimation is reported involving low cost modified
arbon paste electrode for nanomolar range of cefotaxime drug. The
im of this study is to demonstrate the interactions of cefotaxime
rug with Schiff base Zn(II) complex and to develop a fast and rapid
oltammetry method for direct detection of cefotaxime without
ny tedious pretreatment steps in nanomolar range.

. Experimental

.1. Apparatus

Electrochemical experiments were performed with Potentio-
tat/Galvanostat (model CHI7041C) CH-Instrument, Inc., USA, and
utolab by electrochemical quartz crystal microbalance (EQCM)

nstrument, The Netherlands for determination of interaction of
efotaxime with Zn(II) complex. A conventional three electrode
ell assembly was used with a carbon paste as working electrode
unmodified or modified), saturated Ag/AgCl reference electrode
nd Pt rod as the counter electrode. A digital pH meter (cyber PH-14)
as used for preparing electrolyte solution. PerkinElmer UV spec-

rophotometer (Obtained under DAAD Instrument grant, Germany)
as also used in this study.

.2. Reagents

The Shiff’s-base (4-n-butyl) phenyl pyridoxaldimine (Hbppyr)
igand and Zn(Hbppyr)2·2H2O complex (Fig. 1) was synthesized
n our chemistry department lab [63,64]. Graphite powder, min-
ral oil (Nujol) and cefotaxime sodium salt were purchased from
igma–Aldrich. All other chemicals were of analytical grade. Fresh
queous solutions of cefotaxime were prepared daily with dou-
le distilled deionized water. The voltammetry was carried out in
2SO4 (pH 2.3) and acidified human blood samples (pH 2.3).
.3. Preparation of modified electrode

Carbon-paste capillary electrode was prepared by mixing
raphite powder with (1 �m particle size) an appropriate amount
f mineral oil (Nujol) and thorough hand mixing in a mortar and

F
t

Fig. 1. Octahedral geometry of Zn(Hbppyr)2·2H2O complex.

estle. A portion of the graphite paste mixture was packed into the
nd of a glass capillary (0.5 mm inner diameter). Electrical contact
as made by forcing a copper wire down the glass capillary from
ack side as shown in Fig. 2. The modified electrode was prepared
y mixing graphite powder with Zn(II) complex (70:30 ratio) using
etrahydrofuran (THF) solvent. The mixture was mixed in a mortar
nd pestle till all the solvent evaporated to give dry solid material.

.4. Electroanalysis of cefotaxime

The electrochemical behavior of cefotaxime (a third genera-
ig. 2. Capillary graphite paste electrode used for electrochemical studies and elec-
roanalytical applications.
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Fig. 3. Cefotaxime a third generation cephalosporin drug.

oltammograms were recorded in a potential window −0.2 to 1.1 V
s. Ag/AgCl at various scan rates and DPV with pulse width 0.05 s.
arious concentrations of cefotaxime from 0.1 mM to 1 nM were
nalyzed in water as well as in acidified human blood samples (pH
.3). All measurements were performed in triplicate and average
as used to plot the calibration curve.

.5. Analysis of spiked blood serum samples

Serum samples of healthy individuals were stored in refrigera-
or. After gentle, thawing, an aliquot volume of serum sample was
piked with cefotaxime and left stirred for 5 min. After above pro-
edure, the whole sample was taken carefully. The concentration of
efotaxime was varied in the range of 1 × 10−7 to 1 × 10−4 M in acid-
fied human serum samples. These solutions were analyzed in the
oltammetric cell containing dilute H2SO4 as supporting electrolyte
pH 2.3).

. Results and discussion

Cefotaxime is a third generation cephalosporin drug, which is
lectroactive and shows well resolved redox peaks in acidic pH. Pre-
ious studies carried out on the series of cephalosporins and their
ecomposition products indicate that aminothiazole substituent
n the side chain at position 7 of the D3-cephem ring is the elec-
roactive group that undergoes anodic oxidation in the case of
efotaxime [31]. Cathodic reduction of cephalosporins has been
idely investigated and published but there are only a few ref-

rences in the literature dealing its estimation based on anodic
xidation [30–34]. Its cathodic behavior with square wave voltam-
etry was recently studied [65]. However, nanomolar range, anodic

oltammetric analysis of cefotaxime in aqueous and biological
amples is not reported till now. In this investigation the electro-
xidation of cefotaxime over modified electrode is exploited for
race estimation of drug in aqueous as well as human blood sam-
les.

.1. Voltammetric studies of cefotaxime

Cyclic voltammetry of cefotaxime showed two irreversible
nodic peaks at 1.02 V vs. Ag/AgCl (sharp peak) and another small
eak (shown by *) at 0.5 V vs. Ag/AgCl in H2SO4 (pH 2.3) at sweep
ate 100 mV s−1 as shown in Fig. 4 (inset). The same was also
bserved with more prominent nature in DPV when carried out
y mixing traces of solid cefotaxime with graphite paste as shown
n Fig. 4. Our study was concentrated to the peak with large anodic
eak current (at 1.02 V vs. Ag/AgCl), which was further used for
he trace analysis of the drug. Using bare graphite electrode the

−5
inimum level of detection was possible up to 10 M in the solu-
ion and below this concentration no resolved peak was observed
figure not shown). Since its wide therapeutic application required

icromolar and sub micromolar level detection, therefore, further
lectrode was modified for detection at low concentration levels.

r
M
t
c
a

ig. 4. DPV and CV (inset) of cefotaxime at bare graphite paste capillary electrode
t pH 2.3 in H2SO4.

.2. Modification of graphite paste electrode

In order to further enhance the sensitivity graphite paste elec-
rode was modified with our recently synthesized Zn(II) complexes
f a novel Schiff base derived from pyridoxal [63,64]. Zn(II) complex
s octahedral complex having two axial water molecule and unineg-
tive bidentate ligand as shown in Fig. 1. The two water molecules
resent at octahedral positions may be easily replaced by other
trong ligands. The criteria of this modification was adopted based
n the possibility of strong interaction between cefotaxime drug
unctional groups with Zn(II) complex and enrichment of drug over
he sensing electrode. The interaction of Schiff base Zn(II) complex
ith drug was studied using UV–vis, EQCM and electrochemical

echniques.

.3. UV–vis study of cefotaxime–Zn(II) complex interaction

UV–vis analysis of Zn(II) complex gives three peaks at 286, 337
nd 403 nm, while cefotaxime showed three peaks at 234, 261
nd 301 nm as shown in Fig. 5 curves A and B (indicated by *)
espectively. Zn(II) complex peaks completely get suppressed when
efotaxime mixed with Zn(II) complex in equal molar ratio in dilute
2SO4 (pH 2.3). Apart from disappearance of Zn(II) complex peaks

he resultant UV–vis spectrum showed significant changes. A small
hift in the cefotaxime peak at 234 nm (lower shift) was observed
long with appearance of two new peaks at higher wavelength
t 500 and 920 nm as shown Fig. 5 (inset). Probably increase in
he double bond conjugation after coupling of Zn(II) complex with
he drug molecules caused the appearance of two new peaks at
igher wavelength. This UV–vis spectrum itself is a clear indica-
ion of interaction between cefotaxime and Zn(II) complex. These
esults were further confirmed by electrochemical quartz crystal
icrobalance and electrochemical studies.

.4. Electrochemical quartz crystal microbalance (EQCM) studies
or interaction between cefotaxime and Zn(II) complex

Zn(II) complex spin coated quartz crystal electrode was
ounted in the holder and dipped in a cell having 80 ml working

olume filled with dilute H2SO4 (pH 2.3) as supporting electrolyte.
efotaxime solution was added into the cell with stirring to get

esultant solution of 100 �M and responses were recorded with
axtek EQCM software. The mass of coated EQCM crystal elec-

rode exposed in H2SO4 solution was taken as zero and then
hange in mass and change in frequency with time were recorded
fter addition of cefotaxime as shown in Fig. 6. Total mass change
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level determination in water and human blood serum samples.
The experiment was performed using same Zn(II) complex mod-
ified graphite paste capillary electrode by taking the cefotaxime
concentration in 1–500 nM. The cefotaxime oxidations peaks were
ig. 5. UV–vis spectra of (A) Zn complex, (B) cefotaxime and (C) cefotaxime–Zn(II)
omplex. Two additional peaks at 500 nm and 920 are shown (C) in inset for
efotaxime–Zn(II) complex.

�m) for the first 5 min run was 0.52 �g/cm2, which tends to
onstant after 5 min. The EQCM results showed an addition of
.52 �g of cefotaxime per square cm coated Zn(II) complex elec-
rode in 5 min. This EQCM analysis clearly showed a complexation
etween cefotaxime and Zn(II) complex and was in accord with
he DPV results, showing time dependent interaction between
efotaxime and Zn(II) complex (effect of enrichment on electrode
urface).

.5. Electrochemical study of interaction between cefotaxime and
n(II) complex

The evidence of interaction between cefotaxime and Zn(II) com-
lex was also observed from DPV as shown in Fig. 7. The bare
raphite electrode did not show any anodic peak in H2SO4, while
n(II) complex coated graphite paste electrode showed a sharp peak
t 1.02 V vs. Ag/AgCl as shown in Fig. 7 curves A and B respectively.
hen the cefotaxime was added to the same solution to get the

esultant concentration as 0.25 �M, the anodic oxidation showed a

harp peak at 0.95 V and a broad peak at 0.51 V vs. Ag/AgCl due to
resence of cefotaxime as shown in Fig. 7 curve C. When the same
xperiment was repeated after 3 min (without any biasing) both
he peaks i.e. 0.95 V and 0.51 V vs. Ag/AgCl appeared with nearly

ig. 6. EQCM data showing change in mass and frequency of the crystal (coated with
n(II) complex) vs. time due to complex formation between cefotaxime (100 �M
olution) and Zn(II) complex.

F
c
p

ig. 7. DPV response in 0.25 �M cefotaxime in H2SO4 (2.3 pH) of (A) graphite paste
lectrode, (B) Zn(II) complex, (C) cefotaxime–Zn(II) complex (D) cefotaxime–Zn(II)
omplex after 3 min enrichment.

ouble peak current as shown in Fig. 7 curve D. An increase in
he peak current on incubation was the clear evidence for inter-
ction and enrichment of the cefotaxime drug over the modified
lectrode.

.6. Analytical application of Zn(II) modified graphite paste
apillary electrode

Above interactions between cefotaxime and Zn(II) complex
nd the enrichment of cefotaxime over Zn(II) complex modified
lectrode were utilized for sensitive detection of cefotaxime up
o nanomolar concentrations. For this analysis, phosphate buffer,
ris–HCl and H2SO4 at various pH were examined. The best result
as observed with 0.5N H2SO4 (∼pH 2.3). Though cefotaxime level

an be determined in any of the real samples like blood, urine
nd milk, however we utilized the above analysis for cefotaxime
ig. 8. DPV response for (A) 1 nM, (B) 5 nM, (C) 10 nM, (D) 25 nM and (E) 50 nM
oncentrations of cefotaxime in H2SO4 (2.3 pH) at Zn(II) complex modified graphite
aste capillary electrode.
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Table 1
Recovery of cefotaxime at Zn(II) complex modified graphite paste capillary electrode
in acidified human serum samples.
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ig. 9. DPV response for (A) 100 nM, (B) 200 nM, (C) 250 nM, (D) 300 nM and (E)
00 nM concentrations of cefotaxime in H2SO4 (2.3pH) at Zn(II) complex modified
raphite paste capillary electrode. Inset: calibration plot for cefotaxime estimation
n the range of (X) 1–50 nM and (Y) 100–500 nM.

ppeared as shown in Figs. 8 and 9. The blank response was same
s shown in Fig. 7 almost a straight line.

The quantitative estimation of cefotaxime was carried out by
easuring the peak current vs. cefotaxime concentration. A cal-

bration plot (Fig. 9 inset) showed linearity for the cefotaxime
oncentrations in the range of (X) 1 nM to 50 nM and (Y) from 100
o 500 nM. A sharp change in slope was observed between 50 and
00 nM.

Further analysis of drug in serum samples was demonstrated
y spiking human blood samples without any interference. The
erum samples were not subjected to any prior treatment except
heir 50 times dilutions with 0.5N H2SO4 adjusted to pH 2.3.
PV was applied and voltammograms were recorded as shown in
ig. 10. Based on the above condition cefotaxime concentrations

ere determined in spiked serum samples from 0.1 to 100 �M

nd calibration plot was obtained linear in the range of 1–100 �M
ith detection limit as 1 �M as shown in Fig. 10 inset. The blank

ave a broad peak at 0.5 V vs. Ag/AgCl probably due to oxidation

ig. 10. DPV response for (A) Blank, (B) 0.1 �M, (C) 1 �M, (D) 10 �M, (E) 50 �M and
F) 100 �M concentrations of cefotaxime in acidified (2.3pH) human blood sample
t Zn(II) complex modified graphite paste capillary electrode.

A

D

R

[

[

[
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[
[
[

rug concentration (�M) Drug recovery (�M)

10 9.15 9.24 10.18
100 93.34 96.33 95.45

f blood constituents over complex modified graphite paste elec-
rodes, however, it suppressed when drug was added and drug
nteracted with the complex modified graphite paste electrodes.
he accumulation of drug over complex modified graphite paste
lectrode suppressed the oxidation of other constituents of blood,
robably so why no interference in blood sample was observed
s can be seen by absence of any extra peaks or noise present
n the voltammogram (Fig. 10). Recovery of the drug in complex
erum samples were also demonstrated for two concentrations 10
nd100 �M. The recovery was within the limit of 10% as shown in
he Table 1.

. Conclusions

A sensitive detection of cefotaxime, a third generation
ephalosporin drug was demonstrated based on our recently
ynthesized Schiff base octahedral Zn(II) complex. Cefotaxime
nrichment was shown over Zn(II) complex modified graphite
aste electrode due to functional groups interaction of cefotaxime
ith Zn(II) complex. Possible interactions between metal complex

nd drug were explained with the help of UV–vis, Quartz Crystal
icrobalance and electrochemical techniques. Cefotaxime estima-

ion was successfully demonstrated in the nanomolar range in
queous samples and micromolar range in human blood samples.
eproducibility, accuracy and repeatability of the method were
hecked by triplicate readings for large number of samples. The
ecovery of the drug was also checked in serum samples and found
o be within the limit of 10%. The technique shows the potential to
urther develop this method as a quick and low cost sensor for the
etection of cefotaxime like important drugs in various aqueous as
ell as biological samples.
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a b s t r a c t

In this work a fast, automatic solid-phase extraction procedure hyphenated to HPLC-UV is proposed for
screening of priority phenolic pollutants in waters at ng mL−1 levels. A flow through column, containing
polystyrene-divinylbenzene sorbent, was incorporated to a multisyringe flow injection system (MSFIA),
where the sample loading and analyte elution were carried out after computer control. The MSFIA system
also directed the eluent to fill the injection loop of the chromatograph, coupling the sample preparation
vailable online 30 September 2008

eywords:
henolic pollutants
utomatic solid-phase extraction
ater analysis

n-line preconcentration

to its determination. High enrichment factors were attained for phenol and ten of its derivatives (mean
value 176 for 50 mL of sample), with LOD values lower than 1 ng mL−1 for the maximum volume of sample
used (100 mL). For all analytes, mean recoveries between 89 and 103% were obtained for different water
matrices. Certified reference material and a contaminated soil (RTC-CRM 112) were also tested success-
fully. The determination frequency was 4–10 h−1, providing an automatic, fast and reliable tool for water
quality and environmental monitoring.
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ultisyringe flow injection analysis

. Introduction

Phenolic compounds are widespread aquatic pollutants. Con-
idering their toxicological and organoleptic effects, the United
tates Environmental Protection Agency (EPA) has listed phenol
nd several derivatives as priority pollutants [1]. Their input into
he ecosystems results directly from the human activity or indi-
ectly from the transformation of natural or synthetic chemicals
nd they are often found in waters from different sources [2–5].
he screening of phenol and its derivatives in risk areas is essential
or public health protection in order to spot timely illegal dis-
harges from industry or contamination by pesticides, even at low
evels.

Different strategies have been described for the quantification
f phenolic compounds in water samples, including separation
echniques such as liquid chromatography (LC) [6–8] or gas chro-

atography (GC) [9–11] coupled to different detectors. Due to the

ow volatility character of phenolic compounds, LC is employed

ore often than GC because analyte derivatization is avoided. Fur-
hermore, with the advent of monolithic columns, fast analysis
s possible [12], allowing the determination of several phenolic

∗ Corresponding author. Tel.: +351 222078994; fax: +351 222078961.
E-mail address: msegundo@ff.up.pt (M.A. Segundo).
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039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2008.09.036
© 2008 Elsevier B.V. All rights reserved.

erivatives in about 3 min [13,14]. However, sample preparation
s frequently required in order to attain analyte enrichment and

atrix removal.
Despite the available fast chromatographic methods, the sample

reconcentration/clean up step restricts the sample throughput,
onditioning the number of samples that can be processed in envi-
onmental surveillance schemes. In this context, automation of
he sample preparation step is relevant. In fact, some alternatives
esorting to robotic systems have been described [15,16]. However,
he hyphenation to the chromatograph is not easy, requiring dedi-
ated, expensive equipment. Other alternatives using flow-systems
ith on-line column switching schemes have also been described

or simpler hyphenation between sample treatment and determi-
ation [17,18].

Flow injection systems have been clearly underexploited for
his task [19], especially the more recent, computer controlled
echniques. Multisyringe flow injection analysis (MSFIA) [20]
s one of them and its features (flow network design, multi-
hannel operation and total compatibility of the manifold with
rganic solvents) allow the assembling and operation of solid-

hase extraction (SPE) devices [21]. Therefore, the objective of the
resent work is the development of a fast MSFIA-SPE procedure
oupled to LC-UV determination for screening of priority pheno-
ic pollutants in waters and environmental samples at ng mL−1

evels.
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Table 1
Detection wavelength, log Kow, pKa and structures of EPA phenolic priority pollutants.

.

Phenolic compound �/nm log Kow
a pKa

a Structure

C2 C3 C4 C5 C6

2,4-Dinitrophenol (24DNP) 360 1.53 4.09 NO2 NO2

2-Methyl-4,6-dinitrophenol (46DNOC) 375 2.12 4.34 CH3 NO2 NO2

Phenol (P) 215 1.50 9.99
4-Nitrophenol (4NP) 315 1.90 7.16 NO2

2-Chlorophenol (2CP) 195 2.15 8.55 Cl
2-Nitrophenol (2NP) 210 1.78 7.21 NO2

2,4-Dimethylphenol (24DMP) 195 2.42 10.6 CH3 CH3

4-Chloro-3-methylphenol (4C3MP) 195 3.10 9.55 CH3 Cl
2,4-Dicholorophenol (24DCP) 200 2.08 7.85 Cl Cl
Pentachlorophenol (PCP) 220 5.01 4.93 Cl Cl Cl Cl Cl
2
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,4,6-Trichlorophenol (246TCP) 200 3.69

a From references (1) Dean, J.R.; Tomlinson, W.R.; Makovskaya, V.; Cumming, R.;
ctanol–water partition coefficient. Anal. Chem. 1996, 68, (1), 130–133; (2) Li, N. Q.;
on-exchange solid-phase extraction. Anal. Chem. 1997, 69, (24), 5193–5199.

. Material and methods

.1. Reagents and solutions

All solutions were prepared with water from MilliQ system
Millipore, Bedford, MA, USA) (resistivity > 1.8 × 105 � cm) and
hemicals of analytical-reagent grade quality. Methanolic solutions
ere prepared with methanol HPLC grade (Merck, Darmstadt, Ger-
any). This organic solvent was also used as SPE eluent. The SPE

orbent Lichrolut EN (cross linked styrene-divinylbenzene) was
btained from Merck.

The phenolic compounds (Table 1) used were purchased from
igma–Aldrich (St. Louis, MO, USA) and were the following: phenol
P), 2-nitrophenol (2NP), 4-nitrophenol (4NP), 2,4-dinitrophenol
24DNP), 2-methyl-4,6-dinitrophenol (46DNOC), 2-chlorophenol
2CP), 2,4-dicholorophenol (24DCP), 2,4,6-trichlorophenol
246TCP), pentachlorophenol (PCP), 4-chloro-3-methylphenol
4C3MP), and 2,4-dimethylphenol (24DMP). The stock solution of
ach phenolic compound was prepared by accurately weighing the
ppropriate mass and by dissolving it in methanol in order to obtain
final concentration of 1000 mg L−1. The working standard solu-

ions (containing either mixtures or individual compounds) were
btained by rigorous dilution of the stock solutions in methanol
for direct injection into HPLC system) or in 0.010 mol L−1 HCl (for
he preconcentration step).

For accuracy assessment, recovery assays were performed
sing analytical grade standards of each compound obtained from
upelco (Bellefonte, PA, USA). All standards were purchased in 1 mL
ethanol solution with the concentration of 5000 mg L−1, except

or 4C3MP, whose concentration was 500 mg L−1. For the prepara-
ion of working standard solutions the same procedure described
or the standard solutions was adopted, except for the solvent,
hich was replaced by water from different sources. In this case,

efore spiking the water samples with the mixture of analytes,
hey were filtered through a 0.45 �m membrane filter and the
H was adjusted to 2 with concentrated HCl (12 mol L−1). The sea
ater matrix was prepared after the APHA/AWWA/WEF procedure
22]. Furthermore, certified reference material from LGC-Standards
Middlesex, UK), ref. U-QCI-760 and RTC-QCI-032, was also applied
or accuracy assessment.

For the HPLC methodology, HPLC grade acetonitrile was pur-
hased from Merck. Sodium dihydrogen phosphate (Sigma, St.

2

s
0

7.42 Cl Cl Cl

ridge, M.; Comber, M., Solid-phase microextraction as a method for estimating the
. K., Trace enrichment of phenolic compounds from aqueous samples by dynamic

ouis, MO, USA) solution was prepared by dissolving 6.8 g of the
alt in 1000 mL of water, and the pH of this solution was adjusted to
final value of 5.25 using a NaOH solution (6 mol L−1). All solutions
ere filtered through a 0.45 �m membrane filter and degassed
sing ultrasound before use.

.2. Apparatus

Chromatographic determinations were conducted on a
erck/Hitachi-LaChrom 7000 series (Hitachi Ltd., Tokio, Japan)

quipped with a diode array detector (L-7455), a pump (L-7100)
nd a Chromolith RP-18e (100 mm × 4.6 mm i.d.) column with
re-column (5 mm × 4.6 mm i.d.) (Merck). The chromatographic
ystem was controlled by an interface (D-7000) and the D-7000
oftware. The eluate of the preconcentrated sample was injected
y using a Rheodyne 7725i manual injector (Rheodyne, Rohnert
ark, CA, USA) equipped with 20 �L loop. This device was also
sed as interface between the chromatographic and the automatic
SFIA-SPE system.
Solutions were propelled in the preconcentration system by

multisyringe burette (Crison Instruments, Allela, Spain) and
Minipuls 3 peristaltic pump (Gilson Villiers-le-Bel, France)

quipped with polyvinylchloride pumping tubes. In this work, the
ultisyringe module was equipped with a syringe of 10 mL in

osition 2 and a syringe of 5 mL in position 3. Besides the three-
ay commutation valve (NResearch, Caldwell, NJ, USA) connected

o the head of each syringe, four extra commutation valves were
onnected and controlled through the burette. For all valves, the
xchange options were classified in on/off lines.

A personal computer, running lab-made software written in
uickBasic 4.5 (Microsoft, Redmond, WA, USA), controlled the
ultisyringe operation (number of steps and direction of piston

isplacement, position of all commutation valves) by a serial port.
he peristaltic pump control (flow direction and rotation speed)
as performed by the same software using a PCL-711 interface card

Advantech, Taipei, Taiwan).
.3. Manifold and MSFIA procedure

The different components of the flow-system were disposed as
hown schematically in Fig. 1. All connections were made with
.8 mm i.d. polytetrafluorethylene (PTFE) tubing (Omnifit, Cam-
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Fig. 1. (A) MSFIA-SPE manifold for the automatic preconcentration of phenolic
compounds coupled to LC equipment. (B) Detailed representation of the connec-
tion between MSFIA-SPE manifold and the chromatographic system through the
injection valve on “load” and “inject” positions. MS, multisyringe; Si, syringe; Vi,
commutation valves; EC, SPE column; IV, injection valve; PP, peristaltic pump; W,
waste; L1, connection tubing (30 cm); S2, syringe 10 mL; S3, syringe 5 mL; C, car-
rier (HCl 0.010 mol L−1); EL, eluent (methanol); S, sample or standard solution;
HP, high-pressure pump; MCC, monolithic chromatographic column; MSFIA-SPE,
p
r
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reconcentration flow-system; CP, closed port. In the valves, the position “on” is
epresented by a solid line while the position “off” is represented by a dotted line.
eedle port and connection to waste in the injection valve are also represented by
otted lines.

ridge, UK). A lab-made polyetheretherketone (PEEK) extraction
olumn was used. This column presented a tubular configuration

ith 24 mm of length and 3 mm of internal diameter, containing

7 mg of sorbent. The resin was trapped inside the column by using
lter disks from MoBiTec (Goettingen, Germany) with pore diame-
er of 10 �m (ref. #2210).

a
a
t
p

able 2
rotocol sequence for the automatic solid-phase extraction of phenolic compounds from

escription Position

tep MS operation Chromatograph 1 2

Sorbent bed is washed with
methanol

Chromatographic run (sample
X-1); injection loop is washed
with methanol

- F

HCl solution is sent through the
column for sorbent conditioning

Chromatographic run (sample
X-1)

- N

Syringes are refilled and sample X
is loaded to the preconcentration
columnc where analytes retention
take place

Chromatographic run (sample
X-1) finishes

- F

HCl solution is sent through the
column for matrix removal

– – N

Methanol is sent through the
sorbent, eluting the retained
analytes

The loop of the injection valve
is filled by eluent

– F

– The segment of eluate trapped
in the loop is injected and the
chromatographic run starts

– –

Syringes are refilled Chromatographic run (sample
X); the injection valve is
returned to “load” position

– F

a N and F represent position “on” and “off”, respectively.
b The indicated values for volume refer to syringe 2 (10 mL).
c The peristaltic pump is activated (8 mL min−1) during the time necessary for propellin
77 (2009) 1466–1472

The protocol sequence adopted for the automatic solid-phase
xtraction of EPA phenolic compounds is described in Table 2.
he complete sequence included six steps. A volume of 3500 �L
f methanol was propelled through the extraction column and
he chromatographic injection loop in order to clean the system
step 1). After commutation of the appropriate valves, 2500 �L of
.010 mol L−1 HCl solution were used for conditioning the sorbent
step 2). Afterwards, with all valves in “Off” position, the peri-
taltic pump was activated and a variable sample volume up to
00 mL was direct towards to the extraction column at flow rate
f 8.0 mL min−1. Simultaneously, the syringes were filled (step 3).
ubsequently, the extraction column was washed with 2500 �L of
Cl solution in order to remove the sample matrix (step 4). The
nalytes retained were eluted with 610 �L of methanol and direct
o the chromatograph, filling the IV loop (step 5). Next, 20 �L of
he eluate were injected into the chromatographic system by rotat-
ng the injection valve to the “inject” position (step 6), beginning
he chromatographic run. Finally, the syringes were refilled and the
njection valve was returned to the “load” position (step 7).

.4. Soil sample

A certified soil sample (ref. RTC-CRM 112, LGC Standards) was
nalyzed. Five grams of soil were weighted and added to 100 mL
f water. After 19 h of storage in the dark, the mixture was passed
hough a 0.22 �m filter. The filtrate was acidified to pH 2 by addition
f concentrated HCl and then processed by the MSFIA system.

. Results and discussion

.1. Chromatographic analysis

The chromatographic method used in this work was adapted
rom that proposed by Cledera-Castro et al. [13]. The utilization
ration and quantification of eleven EPA priority pollutants in
pproximately 5 min with an analytical performance comparable
o that obtained by using conventional microparticulate reversed-
hase columns. All the chromatographic conditions (mobile phase

water.

of the commutation valvesa MS operation

3 4 5 6 7 8 Volume/�Lb Time/s

N - N F N F 7000 70

F - F N F F 2500 30

F - F F F F 3720 14.8–750

F – F N F F 2500 30

N – N F N F 1220 24.4

– – – – – – – –

F – F F F F 9500 38

g the defined sample volume (up to 100 mL).
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omposition, flow rate and sample volume) were maintained
ith exception of temperature. Room temperature (approximately

3 ◦C) was applied instead of 36 ◦C because no significant differ-
nces were observed in the performance of the method using either
alue.

.2. Development of the automatic MSFIA-SPE system

The use of a MSFIA flow based manifold allowed the precise
ontrol of the flow rate and volume of the solutions used for the
orbent conditioning and respective elution. The glass syringes and
TFE valves that constitute the multisyringe burette and all remain-
ng components of the manifold were also compatible with organic
olvents. A peristaltic pump was assembled to the flow manifold in
rder to load sample volumes up to 100 mL. By using this device the
ecessity of filling a holding coil before sending the sample to the
xtraction column with the correspondent time-consuming repo-
itioning movements of the piston bar [23] was avoided, allowing a
rastic reduction in the time necessary to perform this step during
he protocol sequence.

Some operational parameters as the carrier solution, volumes
nd flow rates used were fixed according to reported data [24]
nd our previous experience [25]. The retention of the target ana-
ytes was performed at pH 2.0, using HCl 0.010 mol L−1 as carrier.
amples and standards were also acidified to this pH. Taking into
ccount the reversed-phase interactions between the sorbent and
he analytes, this pH was necessary to prevent the ionization of
ll priority phenolic pollutants, which pKa is in the range 4–11
Table 1). A volume of 3.5 mL of methanol was used for removing the
nalytes not injected into the HPLC system in the beginning of each
rotocol sequence. This procedure allowed a complete cleaning of
he extraction column and the HPLC connection tubing, eliminat-
ng carryover between consecutive samples. Two portions of 2.5 mL
f carrier solution (HCl 0.010 mol L−1) were fed into the extraction
olumn immediately before and after the sample loading step, per-
orming the sorbent conditioning and the sample matrix cleanup.
his volume was fixed considering the volumes of the sorbent bed,
onnection tubing and commutation valves, guaranteeing an oper-
tion without contamination by consecutive injections of samples.
n order to prevent the formation of a liquid gap before the sorbent
ed top with a consequent pressure build-up, the sample loading
nd the elution steps were performed in opposite ways. There-
ore, the extraction column was placed between two commutation
alves (Fig. 1, V5-V7). The length of the connection tubing between
he exit of the extraction column and injection valve (Fig. 1, L1) was

ade as short as possible to prevent dispersion of the extracted
nalytes. The introduction of the commutation valve V8 (Fig. 1) in
he flow path between the sample commutation valve (V6) and
he extraction column (V7-V5) was necessary to avoid the con-
amination of the extraction column when the sample or standard
olutions were changed.

The hyphenation between the MSFIA-SPE manifold and the
hromatograph also required a precise positioning of the eluent
lug in order to assure the insertion of the maximum concen-
ration of phenolic compounds into the injection loop. Therefore,
he volume of eluent is a critical aspect on attaining the high-
st enrichment factor and good precision in the chromatographic
etermination. As depicted in Fig. 2, the elution profile was assessed
or eluent volumes between 550 and 750 �L. P and 246 TCP were
sed as model compounds because they present polarity values

laced at extreme zones, considering the Kow range of the target
nalytes (Table 1). It was observed that the maximum value for the
nalytical signal was obtained for 610 �L of methanol, which was
hosen for further experiments. The similar elution profile obtained
or both compounds (Fig. 2) indicated that methanol was a suitable

a

b
c
c

ig. 2. Elution profile, corresponding to the peak areas obtained for different vol-
mes of methanol used for the elution of 5 �g of P (�) or 246TCP (©) contained in
mL of HCl 0.01 mol L−1.

luent for the simultaneous desorption of all phenolic compounds
rom the sorbent. It was also observed that a degassing step before
se and the store temperature of the eluent during the working day
ad a crucial role in the repeatability of the automatic SPE proce-
ure. In the experiments, at room temperature without methanol
egassing, a relative standard deviation (RSD) of 10% was obtained
or 14 consecutive extractions of 10 mL of 0.5 �g mL−1 of phenol.
his impaired precision was caused by formation of very small gas
ubbles at the surface of the sorbent bed, which appeared in the
ater/methanol interface when the eluent was fed into the extrac-

ion column. This source of error was minimized by degassing the
luent periodically with helium and by keeping it on ice during
nalysis. With these precautions, the RSD achieved for the same
xperimental set was lower than 3%.

The flow rate of the sample loading step is a relevant parameter
ue to the possibility of handling large volumes in a short period of
ime. Besides the determination frequency, this factor influences
irectly the enrichment capacity and subsequently the limit of
etection and the sensitivity of the method. A study to evaluate
he influence of the flow rate in the retention of the analytes was
arried out by loading a volume of 50 mL of a standard mixture con-
aining 15 ng mL−1 of each phenolic compound at flow rates in the
ange 2–8 mL min−1. Flow rates above 8 mL min−1 were not used
ecause compaction of the bed particles was observed, creating
igh back pressures and resulting in the clogging of the extraction
olumn. For lower flow rates, the results showed no difference in the
dsorption of all analytes into the extraction column as peak area
alues were similar for all flow rates tested. Therefore, the flow rate
f 8 mL min−1 was adopted to perform the retention of the analytes
rom the water sample into the sorbent bed, minimizing the time
equired for this step.

.3. Analytical performance and application to water samples

The analytical performance of the MSFIA-SPE system was eval-
ated considering the application range, limit of detection (LOD),
nrichment factor (EF), determination frequency, repeatability and

ccuracy.

Using the MSFIA-SPE system it was possible to obtain mass-
ased calibration curves, by plotting the peak area obtained for each
ompound against the mass of analyte loaded into the extraction
olumn. This calibration was performed by loading different vol-
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Table 3
Linear dynamic range, calibration curve parameters, values for limit of detection (LOD) and enrichment factors (EF) obtained for the proposed method.

Calibration curvea

Compound Linear range/ng Slope/area units ng−1 Interception r2 LOD/ng LODb/ng mL−1 EFc

24DNP 350–3500 32.9 ± 0.6 1813 ± 818 0.995 207 2 n. a.
46DNOC 350–3500 31.9 ± 0.5 -830 ± 674 0.998 103 1 148 ± 5
P 300–3000 38.7 ± 0.8 424 ± 924 0.996 157 2 198 ± 5
4NP 225–2250 52 ± 1 −116 ± 949 0.997 110 1 187 ± 6
2CP 200–2000 214 ± 5 1243 ± 888 0.999 31 0.3 195 ± 4
2NP 200–2000 57 ± 1 −431 ± 891 0.994 87 0.9 189 ± 6
24DMP 200–2000 236 ± 5 1106 ± 982 0.999 30 0.3 193 ± 4
4C3MP 200–2000 147 ± 3 835 ± 286 0.996 18 0.2 215 ± 6
24DCP 150–1500 164 ± 3 644 ± 947 0.998 39 0.4 177 ± 4
PCP 200–2000 57 ± 1 −979 ± 780 0.996 66 0.7 110 ± 3
246TCP 150–1500 96 ± 2 −421 ± 1070 0.995 55 0.6 151 ± 3
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a For 25 mL of standard mixtures.
b For sample preconcentration volume of 100 mL.
c For sample preconcentration volume of 50 mL. n. a., not available.

mes of standard, resulting in a dynamic calibration range [25,26].
esides using a single or a small number of standard mixtures to cal-

brate the system, it was also possible to adjust the loaded volume
o the concentration of the target analytes for each sample.

Calibration curves (Table 3) were established by extracting
5 mL of a set of standard mixtures containing a defined amount of
ach compound. The linear dynamic range varied from 150–1500 ng
24DCP and 246TCP) to 350–3500 ng (24DNP and 46DNOC).

The LOD was calculated as the mass of compound corresponding
o the interception plus three times Sy/x [27]. The values obtained
aried between 18 ng for 4C3MP and 207 ng for 24DNP. Consider-
ng the maximum volume of sample used in this work (100 mL)
OD values ≤1 ng mL−1 was attained for nine of the eleven target
nalytes (Table 3).

The enrichment factor for each analyte was calculated by the
atio between the slope of the calibration curves obtained after SPE
nd the slope of the calibration curve obtained after direct injection
f the analytes into the chromatographic system [28]. For the pre-
oncentrated volume of 50 mL the average EF was 176 and only for
4DNP and PCP the value was lower than 150 (Table 3). Higher val-
es of EF would be easily attained by increasing the sample volume
sed in the extraction step.

The time required for a complete analytical cycle included the
ime necessary for performing the SPE protocol followed by the

hromatographic run. As these two steps were performed in paral-
el, the total analysis time was defined by the SPE procedure when
he sample volume was higher than 19.2 mL (144 s in step 3, Table 2)
r by the chromatographic run (that takes about 5 min) for lower

s
s
v
R

able 4
alues of percentage of recovery obtained for the preconcentration of 50 and 100 mL of sp
orrespond to a mean of five determinations ± standard deviation.

ompound Milli Q water Mineral water

50 mL 100 mL 50 mL 10

4DNP 90 ± 4 87 ± 5 83 ± 7 86
6DNOC 119 ± 9 117 ± 5 93 ± 10 94

96 ± 4 82 ± 3 96 ± 10 96
NP 98 ± 3 90 ± 5 88 ± 10 93
CP 91 ± 3 84 ± 3 90 ± 8 95
NP 112 ± 8 106 ± 5 90 ± 9 95
4DMP 100 ± 5 93 ± 5 91 ± 10 94
C3MP 118 ± 8 106 ± 6 102 ± 11 114
4DCP 112 ± 7 103 ± 4 90 ± 8 99
CP 86 ± 6 93 ± 2 n. a. n.
46TCP 110 ± 9 126 ± 9 86 ± 10 10
ean recovery 103 99 91 98

. a., not available.
ample volumes. For screening purposes at low �g L−1 concen-
ration levels, sample volumes between 25 and 100 mL must be
pplied, thus sample throughput was limited by the SPE protocol.
his procedure took between 6 (for 25 mL of sample) and 15 min
for 100 mL of sample), hence the determination frequency was
–10 h−1.

Regardless of the sample volume processed, it should be empha-
ized that a reduced amount of reagents and solvents were
ecessary to perform the sample preparation. For each SPE pro-
edure only 4.1 mL of methanol and 5 mL of HCl 0.010 mol L−1 were
equired. Furthermore, the sorbent was reutilized up to 100 times,
ithout loss of performance.

The accuracy and repeatability of the MSFIA-SPE method were
ssessed by analysing spiked water samples from different sources
nd certified reference material. The samples (MilliQ water, mineral
ater, tap water and sea water) were spiked with a mixture of cer-

ified standard solutions. An amount of 500 ng of each compound
as added to 50 mL (10 ng mL−1) and to 100 mL (5 ng mL−1). The

esults provided by the MSFIA-SPE method expressed as percentage
f recovery are listed in Table 4. Mean recoveries between 89 and
03% were obtained for the different samples and more than 90%
f the determinations presented a recovery between 85 and 110%.
he results demonstrated that the performance was not affected
y the saline content or the ionic strength of the sample due to the

imilar results for the different matrices analyzed. Moreover, the
imilarity founded in the results obtained using different sample
olumes indicated that no breakthrough occurred up to 100 mL.
epeatability was estimated by calculating RSD of 5 consecutive

iked water sample containing 500 ng of each phenolic compound. The listed values

Tap water Sea water

0 mL 50 mL 100 mL 50 mL 100 mL

± 6 n. a. n. a. 107 ± 4 98 ± 3
± 6 99 ± 5 108 ± 3 124 ± 5 118 ± 5
± 9 88 ± 2 84 ± 5 95 ± 3 87 ± 3
± 7 85 ± 6 88 ± 4 100 ± 3 92 ± 3
± 7 86 ± 4 90 ± 5 93 ± 4 89 ± 4
± 7 88 ± 3 93 ± 1 97 ± 3 91 ± 5
± 6 n. a. n. a. 107 ± 4 99 ± 4
± 9 89 ± 6 95 ± 4 109 ± 4 105 ± 5

± 6 89 ± 5 97 ± 4 96 ± 4 93 ± 5
a. n. a. n. a. 94 ± 8 94 ± 5
8 ± 10 88 ± 4 103 ± 9 116 ± 10 122 ± 3

89 95 103 99
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ig. 3. Chromatogram obtained for aqueous extract of soil sample RTC-CRM 112.
ample volume = 4 mL. (1) 24DNP, (2) 46DNOC, (3) P, (4) 4NP, (5) 2CP, (6) 2NP, (7)
C3MP, (8) 24DCP, (9) PCP.

eterminations of each spiked sample. For all determined analytes
RSD ≤ 8% was obtained.

Concerning the analysis of reference standard material, val-
es of 106 ± 5, 94 ± 4, 45 ± 2 and 67 ± 4 ng mL−1 were attained for
4DNP, P, 2CP and 24DCP in sample RTC-QCI-032 (sample vol-
me = 10 mL). The total content of phenolics was 312 ± 8 ng mL−1,
hich is in agreement with the gravimetric certified value of

10 ng mL−1. For sample U-QCI-076, values of 77 ± 3, 54 ± 3,
14 ± 5 and 55 ± 2 ng mL−1 were attained for 24DNP, P, 2CP and
4DCP (sample volume = 7 mL). The total phenolic content was
00 ± 6 ng mL−1, which is also in agreement with the certified value
309 ± 3 ng mL−1) and within the advisory range for this sample
138–340 ng mL−1). Finally, an aqueous extract of a certified soil
ample (RTC-CRM 112), contaminated with phenols from a wood
reatment site, was also analyzed (Fig. 3). The phenolic compounds
resent in the soil were quantified (Table 5) and results within the
ertified confidence interval were obtained for 4NP, 2NP and PCP.
alues lower (P, 4C3MP, 24DCP) or higher (46DNOC, 2CP) than the
onfidence limits were also obtained, probably due to the different
xtraction conditions applied here, where water was used instead
f an organic solvent.

.4. Comparison to previous techniques

Compared to previous work for fast screening of phenolics [14],

he system proposed here is faster, requiring at most 15 min for
ample extraction compared to the 200 min reported before. Fur-
hermore, the automatic SPE protocol developed here was directly
oupled to the LC determination, making the whole procedure less
ependent of the operator when compared to other methods [29].

able 5
esults obtained for the analysis of a certified soil sample (RTC-CRM 112), based on

ts aqueous extract.

ompound Present
method/mg kg−1

Reference
value/mg kg−1

Confidence
interval/mg kg−1

4DNP 4.62 ± 0.19 n. a. n. a.
6DNOC 7.49 ± 0.29 4.75 2.35–7.15

1.25 ± 0.06 2.45 1.35–3.55
NP 7.08 ± 0.21 5.66 2.56–8.76
CP 4.62 ± 0.17 2.38 1.35–3.41
NP 2.87 ± 0.13 4.33 2.40–6.27
C3MP 2.34 ± 0.12 4.94 3.04–6.84
4DCP 1.53 ± 0.07 2.53 1.69–3.37
CP 4.48 ± 0.12 5.05 2.12–7.98

. a.: not available.
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Other chromatographic methods hyphenated to automatic on-
ine SPE for the determination of EPA priority phenolic pollutants
ased on the “column switching” approach have also been pro-
osed [30–34]. When compared with the present work, these
ethods have the inconvenient of requiring high-pressure devices

nd gradient elution in the chromatographic run to prevent peak
roadening. Some attempts to circumvent the major drawbacks of
hese systems were made, using Supercritical Fluid Chromatogra-
hy [31] to reduce the chromatographic run time or by performing
he derivatization with an ion-pair reagent before the SPE step [30]
o increase the breakthrough volume of the more polar compounds.
owever, the time necessary for the complete analytical procedure
as about 30 min in all cases. In the present work the determina-

ion rate was enhanced up to 5 fold and this is a worthwhile aspect
ue to the possibility of applying this method on screening analysis.
oreover, the proposed method presents improved or similar ana-

ytical characteristics concerning the application range and limit
f detection. Considering the organic solvent consumed and the
ffluent produced in the sample preparation step, the proposed
SFIA-SPE system is a “greener” tool, with lower values for both of

hem. Regarding other automatic strategies proposed for the same
etermination and not based on SPE hyphenated schemes, [6,35]
he present method is undoubtedly more suitable for screening
urposes, attaining also a higher determination frequency.

. Conclusions

In conclusion, this is first time that a hyphenated methodol-
gy comprising the repeatable flow conditions of MSFIA systems
or SPE and the high throughput offered by monolithic columns
s described. Thus, a fast and reliable tool for water quality

onitoring and pollutant screening is available with improved
erformance when compared to the conventional “off-line” and
on-line” solid-phase extraction of phenolic compounds followed
y liquid chromatographic determination. This was accomplished
ue to the high enrichment factors attained for phenol and ten of its
erivatives and the low LOD values achieved (<1 ng mL−1 for 100 mL
f sample). Finally, the applicability of the proposed system as a
creening tool was corroborated by the recovery values attained
89–103%) when different water matrices were processed. Good
esults were obtained for an aqueous extract from contaminated
oil, indicating the suitability for determination in soil lixiviates.
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a b s t r a c t

An accurate, reliable, specific and sensitive kinetic spectrofluorimetric method was developed for the
determination of seven cephalosporin antibiotics namely cefotaxime sodium, cephapirin sodium, cephra-
dine dihydrate, cephalexin monohydrate, cefazoline sodium, ceftriaxone sodium and cefuroxime sodium.
The method is based on their degradation under an alkaline condition producing fluorescent products.
The factors affecting the degradation and the determination were studied and optimized. The reaction
is followed spectrofluorimetrically by measuring the rate of change of fluorescence intensity at specified
emission wavelength. The initial rate and fixed time methods were used for the construction of cali-
bration graphs to determine the concentration of the studied drugs. The calibration graphs are linear
in the concentration ranges 0.2–1.2 �g mL−1 and 0.2–2.2 �g mL−1 using the initial rate and fixed time
methods, respectively. The results were statistically validated and checked through recovery studies. The
method has been successfully applied for the determination of the studied cephalosporins in commer-
Plasma analysis cial dosage forms. The high sensitivity of the proposed method allows the determination of investigated
cephalosporins in human plasma. The statistical comparisons of the results with the reference methods
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. Introduction

Cephalosporins consist of a fused �-lactam-�3-dihydrothiazine
wo-ring system, known as 7-aminocephalosporanic acids, and
ary in their side chain substituents at C3 (R2), and C7 (acylamido,
1). The chemical structure of studied cephalosporins is shown in
able 1. They are used for the treatment of the infection caused by
oth gram-negative and gram-positive bacteria [1].

A wide variety of analytical methods have been reported for
he determination of cephalosporins in pure form, in pharmaceuti-
al preparations and in biological fluids. These methods include
pectrophotometry [2–5], atomic absorptive spectrophotometry
6], fluorometry [7–12], liquid chromatography [13–20], micellar
lectro kinetic capillary chromatography [21,22], chemilumines-
ence [23–28], potentiometric [29,30] and polarographic [31–34]
ethods.

There are other reported methods of spectrofluorimetric deter-

ination of cephalosporins based on their alkaline degradation
35–37] and acidic hydrolysis [9]. These methods began with one
oncentration of cephalosporin and made serial dilution after

∗ Corresponding author. Tel.: +20 2862324941; fax: +20 862369075.
E-mail address: momar71g@yahoo.com (M.A. Omar).
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nd indicate no significant difference in accuracy and precision.
© 2008 Elsevier B.V. All rights reserved.

ydrolysis, which is not suitable for validation. But our proposed
ethod provides some important advantages over other reported
ethods that can be summarized as follows:

1. The kinetic study of reaction has the advantage of avoiding the
interference of coloured and/or turbidity background of samples
and reduces the time required for the reaction.

. In our method, we began the reaction with different initial con-
centrations on the contrary of the other reported methods. Thus
ensure the right choice of our conditions studied.

. In terms of specificity, the method we propose has proved the
suitability for analyzing the investigated cephalosporins in phar-
maceutical formulations, without preliminary extraction.

. Experimental

.1. Apparatus

Perkin-Elmer UK model LS 45 Luminescence spectrometer,
equipped with a 150 W Xenon arc lamp, gratting excitation and

emission monochromators for all measurements. Slit width for
both monochromators were set at 10 mm. A 1-cm quartz cell
was used, connected to an IBM PC computer loaded with the FL
WINLABTM software.
Milwakee SM 101 pH meter, Portugal.
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Table 1
Structural formula of the studied cephalosporins

.

Name Generation R1 R2 Y

Cephapirin sodium First –CH2OCOCH3 Na

Cefuroxime sodium Second –CH2OCONH2 Na

Cefotaxime sodium Third –CH2OCOCH3 Na

Cephradine First –CH3 H

Cefazoline sodium First Na

Ceftriaxone sodium Third H H
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ephalexin monohydrate First

.2. Materials and reagents

All the materials were of analytical reagent grade and the
olutions were prepared with double distilled water. Samples of
ephalosporin were generously supplied by their respective man-
facturers and were used without further purification:

Cephalexin monohydrate and cefuroxime sodium (Glaxowell-
come Egypt, S.A.E., El-Salam City, Cairo, Egypt).
Cephapirin sodium and cefazoline sodium (Bristol Myers-Squib
Pharmaceutical Co., Cairo, Egypt).
Cefotaxime sodium, cephradine dihydrate and ceftriaxone
sodium (EIPICO, Tenth of Ramadan City, Cairo, Egypt).
Sodium hydroxide (El-Nasr Chemical Co., Egypt): 1.2 mol L−1 pre-
pared by dissolving 5.04 g in 100 mL of water. Hydrochloric acid
(El-Nasr Chemical Co., Egypt): 1.0 mol L−1 prepared by dissolving
9.0 mL in 100 mL of water. Boric acid, sodium hydroxide buffer
solution (pH 10) and acetate buffer solution (pH 4) were prepared.

.3. Pharmaceutical formulations

The following available commercial preparations were ana-
yzed; Ceporex® tablets and vials (Glaxowellcome Egypt, S.A.E.,

l-Salam City, Cairo, Egypt), labeled to contain 250 mg cephalexin
onohydrate per tablet or 500 mg cephalexin sodium equiva-

ent to 500 mg cephalexin monohydrate per vial. Zinnat® vials
Glaxowellcome Egypt, S.A.E., El-Salam City, Cairo, Egypt), labeled
o contain 250 mg cefuroxime sodium per vial. Cefatrexyl®

t
2
a
f

–CH3 H

ials (Bristol Myers-Squibb Pharmaceutical Co., Cairo, Egypt),
abeled to contain 500 mg cephapirin sodium per vial. Totacef®

ials (Bristol Myers-Squibb Pharmaceutical Co., Cairo, Egypt),
abeled to contain 500 mg cefazoline sodium per vial. Velosef®

ablets (Bristol Myers-Squibb Pharmaceutical Co., Cairo, Egypt),
abeled to contain 500 mg cephradine dihydrate per tablet.
elosef® vials (Bristol Myers-Squibb Pharmaceutical Co., Cairo,
gypt), labeled to contain 500 mg cephradine dihydrate and
66.5 mg l-arginine per vial. Cefotax® vials (EIPICO, Tenth of
amadan City, Cairo, Egypt), labeled to contain 250 mg cefotaxime
odium per vial. Ceftriaxone® vial (Novartis Pharmaceutical S.A.E.,
airo, Egypt), labeled to contain 500 mg ceftriaxone sodium per
ial.

.4. Preparation of standard solution

Stock solution containing 1 mg mL−1 of each cephalosporin was
repared in double distilled water, and working standard solutions
ontaining 20–120 �g mL−1 were prepared by suitable dilution of
he stock solutions with double distilled water.

.5. Recommended procedure
Into a series of 50 mL test tube, 5.0 mL of a standard solu-
ion of drugs was transferred over the cited concentration of
–12 �g mL−1, and 20 mL of 1.25 mol L−1 sodium hydroxide was
dded. Then, the resulting solution was heated in a boiling-water,
or about 30 min in case of cephalexin and cephradine and for about
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ig. 1. Fluorescence spectrum of cefuroxime (0.8 �g mL−1) where (A) excitation and
B) emission.

0 min for other investigated cephalosporins. The solutions were

mmediately cooled to room temperature by using an ice bath.
he solutions containing the fluorescent products were adjusted
o neutral pH with about 20 mL of 1 mol L−1 hydrochloric acid
nd then were transferred quantitatively to 50 mL volumetric flask
nd the volume was completed with double distilled water. Then,

r
o
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Fig. 2. Formation of diketop

Fig. 3. Formation of oxaz
7 (2009) 1394–1404

.0 mL of neutralized solution was transferred into 10.0 mL volu-
etric flask, 2.0 mL of acetate buffer was added to obtain pH 4

n case of cefotaxime, cephapirin, cefazolin and ceftriaxone while
mL of phosphate buffer was added to obtain pH 10 in the final

olution in case of cephradine, cefuroxime and cephalexin. Subse-
uently, the resulting solution was diluted to volume with double
istilled water for cephalexin and cephradine or with ethanol
or cefotaxime, cephapirin, cefazolin, cefotriaxone and cefurox-
me.

.5.1. Initial rate method
The content of the mixture of each flask was mixed well and

he increase in fluorescence intensity was recorded as a function of
ime against reagent blank treated similarly. The initial rate of the

eaction (�) at different concentrations was obtained from the slope
f the tangent to fluorescence intensity time curves. The calibration
raphs were constructed by plotting the logarithm of the initial rate
f the reaction (log �) versus logarithm of molar concentration of
he studied drugs (log C).

iperzine derivatives.

olone derivatives.
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Table 2
Excitation and emission wavelength of the studied cephalosporins.

Drug name Excitation wavelength (nm) Emission wavelength (nm)

Cephalexin 332 429
Cefotaxime 337 409
Cephapirin 338 409
Cefazolin 343 395
Ceftriaxone 339 410
Cefuroxime 339 437
Cephradine 336 431
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ig. 4. Relative fluorescence intensity versus time for the reaction between
ephalexin (different molar concentration) and NaOH (1.0 mol L−1).

.5.2. Fixed time method
In this method, the fluorescence intensity of each sample solu-

ion, at preselected fixed time (10 min used for cephalexin and
ephradine or 20 min used for other investigated cephalosporins),
as accurately measured and plotted against the final concentra-

ion of the drug.

.6. Determination of the studied drugs in pharmaceutical
ormulations

.6.1. Procedure for tablets
An accurately weighed amount equivalent to 100.0 mg of each

rug from a composite of 20 powdered tablets was transferred into
100 mL volumetric flask, dissolved and diluted to the mark with
ouble distilled water, then sonicated for 10 min and filtered off to
btain a solution of 1.0 mg mL−1; and the first portion of filtrate was
ejected. Further dilutions with double distilled water were made
o obtain sample solutions 20–120 �g mL−1, and then the general
rocedure was followed.

.6.2. Procedure for capsules or vials
The content of 20 capsules was evacuated and mixed well, an

mount of vials or capsules equivalent to 100.0 mg was transferred
nto a 100 mL volumetric flask, dissolved and completed to the mark

ith double distilled water to obtain solution of 1.0 mg mL−1. Fur-
her dilutions with double distilled water were made to obtain
ample solutions (20–120 �g mL−1), and then the general proce-
ure was followed.

.6.3. Procedure for spiked human plasma

A sample of 5.0 mL of drug-free human blood was taken

rom healthy volunteers into a heparinized tube and centrifuged
t 3000 rpm for 30 min. Then, into 10 mL stoppered calibrated
ube 3 mL of the supernatant was spiked with investigated
ephalosporins dissolved in water. Then 1.0 mL of acetonitrile was

ig. 5. Relative fluorescence intensity versus time for the reaction between
ephalexin 3.4 × 10−6 mol L−1 and NaOH (different molar concentration).

3
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ig. 6. Calibration plot of logarithm rate of the reaction against logarithm molar
oncentration of cephalexin for initial rate method.

dded as a precipitating agent for protein and the resultant mix-
ure was diluted to 10.0 mL with double distilled water to achieve
he final concentration of 1.0 mg mL−1. The sample was centrifuged
t 3000 rpm for 10 min to remove residue. Then, 5.0 mL of protein-
ree supernatant was transferred carefully into 100 mL volumetric
ask and diluted to volume with double distilled water in order to
btain sample solutions (20–120 �g mL−1). Then, the general pro-
edure was followed. A blank value was determined by treating the
ntibiotic-free blood sample in the same manner.

.6.4. Procedure for real human plasma
As to cephalexin and cephradine, 1.0 g was orally taken by

ealthy human volunteers, and a 5.0 mL sample of human blood
as taken by using calibrated heparinized tube after 1 h and

entrifuged at 3000 rpm for 30 min. Then, into 10 mL stoppered
alibrated tube 2.5 mL of obtained plasma was treated with
.0 mL of acetonitrile, and the resultant mixture was diluted to
0.0 mL with double distilled water. The sample was centrifuged at
000 rpm for 10 min to remove residue. Then, 5.0 mL of protein-free
upernatant was taken carefully and, then, the general proce-
ure was followed. For ceftriaxone, cefuroxime, cefazoline and
ephapirin, 1.0 g was intramuscularly injected into healthy human
olunteers, and a 5.0 mL sample of human blood was taken by

sing calibrated heparinized tube after 1/2 h, 3/4 h, 1 h and 2 h,
espectively, and centrifuged at 3000 rpm for 30 min. Then, 2.5 mL
f obtained plasma was treated with 1.0 mL of acetonitrile and
he resultant mixture was diluted to 10.0 mL with double dis-

ig. 7. Calibration plot of relative fluorescence intensity versus the concentration of
ephalexin at preselected fixed time of 10 min.
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Table 3
Analytical parameters for the initial rate method of kinetic spectrofluorimetric determination of investigated cephalosporins with alkaline hydrolysis.

Investigated cephalosporin Linear range, mol L−1 (×10−7 �g mL−1) Least square equation (log V = log K′ + n log C) Correlation coefficient (r) LOD (�g mL−1)

Intercept (log K′) Slope (n)

Cephalexine 5–34 (0.2–1.2) 4.912 1.015 0.9995 0.2845
Cefotaxime 4–25 (0.2–1.2) 4.426 1.008 0.9995 0.2804
Cephapirin 4–28 (0.2–1.2) 4.564 1.006 0.9997 0.2317
Cefazoline 4–26 (0.2–1.2) 5.253 1.031 0.9999 0.1309
C
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efotriaxone 3–21 (0.2–1.2) 5.306
efuroxime 4–28 (0.2–1.2) 5.183
ephradine 5–34 (0.2–1.2) 5.048

illed water. The sample was centrifuged at 3000 rpm for 10 min
or removing the residue. 5.0 mL of protein-free supernatant was
aken carefully; and, then, the general procedure was followed.
his process was repeated on the same volunteer for three times

o obtain intraday assay. In addition, this process was repeated on
hree different volunteers in three different days to obtain interday
ssay. While cefotaxime [38] undergo partially hepatic metabolism
nto active metabolite desacetylcefotaxime (the plasma half life is
bout 1 h and that of active metabolite is about 1.5 h) so cannot

3

i

able 4
nalytical parameters for fixed time method of the kinetic spectrofluorimetric parameter

eaction time Linear range
(�g mL−1)

Intercept (a) Standard deviation
of intercept (Sa)

ephalexin
10 0.2–2.2 −1.383 2.137
15 0.2–1.6 0.8468 2.367
20 0.2–1.4 −7.787 2.804
25 0.2–1.4 −9.925 2.467
30 0.2–1.4 −14.013 1.856

efotaxime
20 0.2–2.2 1.558 1.256
30 0.2–1.6 6.608 1.198
40 0.2–1.4 10.831 1.018
50 0.2–1.4 15.176 1.269
60 0.2–1.4 20.429 1.067

ephapirin
20 0.2–2.2 −5.11 1.946
30 0.2–1.6 24.665 1.436
40 0.2–1.4 39.823 1.496
50 0.2–1.4 54.394 1.455

60 0.2–1.4 71.659 1.327

efazoline
20 0.2–2.2 −3.984 2.997
30 0.2–1.6 2.751 2.883
40 0.2–1.4 9.833 1.887
50 0.2–1.4 21.197 1.874
60 0.2–1.4 26.286 0.9897

Ceftriaxone
20 0.2–2.2 −12.848 3.229
30 0.2–1.6 10.166 2.510
40 0.2–1.4 17.427 2.026
50 0.2–1.4 32.754 1.509
60 0.2–1.4 43.571 1.047

Cefuroxime
20 0.2–2.2 −2.004 2.999
30 0.2–1.6 9.313 3.112
40 0.2–1.4 14.423 2.992
50 0.2–1.4 19.394 2.155
60 0.2–1.4 27.047 1.533

Cephradine
10 0.2–2.2 1.038 2.324
15 0.2–1.6 15.580 3.127
20 0.2–1.4 13.421 2.778
25 0.2–1.4 18.184 2.432
30 0.2–1.4 24.591 1.863
1.044 0.9994 0.3003
1.016 0.9995 0.278
1.028 0.9997 0.2107

ndergo analysis of cefotaxime in human plasma by our proposed
ethod.

. Results and discussion
.1. Fluorescence spectrum

The fluorescence spectra of the degradation product of cefurox-
me as a representative example for investigated cephalosporins are

s for the determination of investigated cephalosporins.

Slope (b) Standard deviation
of slope (Sb)

Correlation
coefficient (r)

LOD (�g mL−1)

118.41 2.137 0.9992 0.0541
148.99 2.303 0.9993 0.0463
198.35 2.804 0.9994 0.0424
229.52 2.723 0.9996 0.03559
264.64 1.856 0.9998 0.02103

59.39 0.9259 0.9989 0.0634
70.82 1.198 0.9992 0.0507
79.47 1.138 0.9995 0.0382
86.011 1.418 0.9993 0.04426
90.893 1.193 0.9996 0.0352

104.43 1.435 0.9992 0.055
90.586 1.436 0.9992 0.048

106.68 1.672 0.9994 0.042
124.99 1.627 0.9996 0.0349
130.13 1.484 0.9997 0.03059

161.79 2.209 0.9992 0.05557
181.9 2.854 0.9993 0.04463
193.78 2.109 0.9997 0.02921
193.75 2.095 0.9997 0.02601
202.14 1.107 0.9999 0.01468

140.31 2.38 0.9987 0.069039
136.06 2.486 0.9990 0.05534
151.26 2.265 0.9994 0.04018
148.40 1.687 0.9997 0.030505
150.54 1.171 0.9998 0.02086

176.01 2.211 0.9993 0.051116
199.41 3.081 0.9993 0.046818
222.24 3.345 0.9994 0.040388
241.76 2.410 0.9998 0.026741
256.19 1.714 0.9999 0.01795

131.41 1.713 0.9992 0.053055
187.58 3.096 0.9992 0.050010
191.29 3.106 0.9993 0.04356
214.61 2.719 0.9996 0.03399
233.65 2.082 0.9998 0.02392
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Table 5
Evaluation of accuracy of the analytical procedure using initial rate method.

Drug % Recoverya

0.2 �g mL−1 0.9 �g mL−1 1.2 �g mL−1

Cephalexine 99.41 ± 1.015 99.11 ± 0.3759 100.66 ± 0.4892
Cefotaxime 100.98 ± 1.202 101.2 ± 0.8232 100.05 ± 0.6381
Cephapirin 100.15 ± 1.112 101.47 ± 0.8708 99.8 ± 0.4558
Cefazoline 100.04 ± 1.122 98.99 ± 1.024 100.46 ± 0.6066
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However, under the optimized experimental conditions, the
concentrations of cephalosporins were determined using a rel-
ative excess amount of sodium hydroxide solutions. Therefore,
pseudo-zero-order conditions were obtained with respect to their
concentrations.

Table 7
Evaluation of precision of the initial rate method and fixed time method of the
proposed kinetic spectrofluorimetric method for the determination of investigated
cephalosporins.

Drug Amount taken
( �g mL−1)

Recovery (% ± S.D.)a

Initial rate method Fixed time method

Cephalexine 0.2 99.27 ± 0.9198 101.44 ± 0.7372
0.6 99.18 ± 0.3602 99.75 ± 0.5268
1.2 100.55 ± 0.4186 101.02 ± 0.4783

Cefotaxime 0.2 100.54 ± 0.8671 98.32 ± 0.8685
efotriaxone 101.07 ± 0.846 99.35 ± 0.6819 101.35 ± 0.7189
efuroxime 100.06 ± 0.7004 99.95 ± 0.6868 101.08 ± 0.4855
ephradine 100.67 ± 0.7493 99.24 ± 0.6523 100.79 ± 0.4156

a Mean of 6 replicate ± S.D.

hown in Fig. 1. Table 2 shows the excitation and emission peaks of
nvestigated cephalosporins.

.2. Optimization of variables

The effect of sodium hydroxide concentration: The fluorescence
ntensity increases by increasing the molar concentration of sodium
ydroxide and reaches its maximum value at 0.8 mol L−1, after
hich no further increases were observed. Thus, the adaptation

f 1 mol L−1 of sodium hydroxide is suitable for kinetic study.
The effect of temperature: Preliminary experiments showed that

emperature affects the intensity of the fluorescence spectrum. A
igh RFI was obtained when the solution was heated in a boiling-
ater bath.

The effect of heating time: Preliminary experiments showed that
he heating time affects the intensity of the fluorescence spectrum.
high RFI was obtained when the solution was heated in a boiling-
ater bath (100 ◦C) for 30 min as to cephalexin and cephradine and

or 60 min as to other investigated cephalosporins.
The effect of pH: We have examined the fluorescence intensity

f the seven cephalosporins under different pH conditions. The
esults obtained indicate that the optimum pHs for determining
efotaxime, cephapirin, cefazolin and ceftriaxone is pH 4 and the
ptimum pH for the determination of cephradine, cefuroxime and
ephalexine is pH 10. Using a different type of buffer to obtain
ptimum pH 4, the optimum buffer to achieve this pH is acetate
uffer.

Using different types of buffer to obtain optimum pH 10, the
ptimum buffer to achieve this pH is boric acid–sodium hydroxide
uffer.

The effect of diluting solvent: Water was found to be an ideal sol-
ent for cephalexin and cephradine, while ethanol was found to be
n ideal one for cefotaxime, cephapirin, cefazolin, ceftriaxone and
efuroxime.
.3. Mechanism of the reaction

The presence of an �-amino benzyl group in the penicillin or
ephalosporins is necessary for the formation of diketopiperazine

able 6
valuation of accuracy of the analytical procedure using fixed time method.

rug % Recoverya

0.2 �g mL−1 0.9 �g mL−1 1.2 �g mL−1

ephalexine 101.08 ± 0.9475 99.83 ± 0.5777 100.94 ± 0.4926
efotaxime 99.54 ± 1.197 100.42 ± 0.5068 99.98 ± 0.5214
ephapirin 101.53 ± 0.9525 100.93 ± 0.7374 99.76 ± 0.6346
efazoline 100.89 ± 1.084 99.1 ± 0.9207 99.58 ± 0.5601
efotriaxone 100.39 ± 1.208 99.5 ± 1.083 99.98 ± 0.7357
efuroxime 100.74 ± 1.198 100.31 ± 0.6026 99.58 ± 0.5347
ephradine 99.55 ± 0.9175 98.71 ± 0.7769 100.8 ± 0.4487

a Mean of 6 replicate ± S.D.
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roduct [39]. Thus, the suggested mechanism for the formation of
he fluorescent product from cephradine and cephalexin can be
hown in Fig. 2.

In contrast, the formation of oxazolones as a fluorescent product
f cephalosporins, which does not contain �-amino benzyl group,
as also reported [40]. Thus, the suggested mechanism of other

ephalosporins is shown in Fig. 3. Our study indicates that defi-
ite reaction product was obtained upon using the different initial
oncentration range and this is proved by reproducibility of results
btained.

.4. Kinetics of the reaction

Under the optimum conditions, the relative fluorescence inten-
ity time curves of the investigated cephalosporins with sodium
ydroxide were constructed (Figs. 4 and 5). The initial rates of the
eaction were determined from the slope of tangents of the relative
uorescence intensity time curves. The order of the reaction with
espect to sodium hydroxide was determined by studying the reac-
ion at different concentrations of sodium hydroxide with a fixed
oncentration of the cephalosporins under investigation. The plot of
he initial rate (dA/dt) against the initial relative fluorescence inten-
ity was linear passing the origin indicating that the initial order
f the reaction with respect to sodium hydroxide was 1 (Fig. 6).
he order with respect to the cephalosporins under investigation
as evaluated by measuring the rate of the reaction at several con-

entrations of cephalosporins at a fixed concentration of sodium
ydroxide. The logarithm of the initial rate of the reaction was
lotted versus the logarithm of molar concentration of the investi-
ated cephalosporins and was found to be 1 (Fig. 7).
0.6 101.17 ± 0.7000 100.49 ± 0.4969
1.2 100.13 ± 0.6086 100.02 ± 0.5876

ephapirin 0.2 99.92 ± 1.056 101.56 ± 0.8978
0.6 101.52 ± 0.7403 100.91 ± 0.6261
1.2 99.75 ± 0.4494 99.76 ± 0.5369

efazoline 0.2 100.3 ± 1.069 101.39 ± 0.9620
0.6 98.85 ± 0.9494 98.98 ± 0.8585
1.2 100.56 ± 0.5831 99.55 ± 0.4798

efotriaxone 0.2 101.22 ± 0.8240 101.33 ± 0.9419
0.6 99.26 ± 0.7081 99.12 ± 0.9216
1.2 101.54 ± 0.7118 100.15 ± 0.44

efuroxime 0.2 100.11 ± 0.6401 101.64 ± 0.9223
0.6 99.94 ± 0.5840 100.28 ± 0.5164
1.2 101.11 ± 0.5874 99.42 ± 0.6204

ephradine 0.2 100.91 ± 0.7725 99.57 ± 0.7299
0.6 99.30 ± 0.5891 99.35 ± 0.9308
1.2 100.90 ± 0.4099 100.93 ± 0.5277

a Average of five determinations.
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Table 8
Determination of studied drugs in their pharmaceutical dosage forms using initial rate method and fixed time method.

Drug Pharmaceutical dosage form Proposed methods ± S.D.a (n = 5) Reported methods ± S.D. (n = 5)

Initial rate Fixed time

Cephalexin
Ceporex® vials

100.79 ± 0.8987 100.67 ± 0.9559 100.19 ± 0.9310
t = 1.033b t = 0.8077
F = 1.073b F = 1.054

Cephalexin Ceporex® tablets 100.33 ± 1.369 99.95 ± 0.7298 99.98 ± 1.112
t = 0.4311 t = 0.07138
F = 1.564 F = 2.251

Cefotaxime Cefotax® vials 101.02 ± 1.244 100.38 ± 0.8901 100.58 ± 0.9753
t = 0.6168 t = 0.3421
F = 1.627 F = 1.2

Cephapirin Cefatrexyl® vials 100.43 ± 0.7594 100.87 ± 1.178 100.17 ± 1.208
t = 0.4011 t = 0.9223
F = 2.532 F = 1.053

Cefazoline Totacef® vials 100.18 ± 1.043 99.74 ± 1.06 99.25 ± 1.379
t = 1.205 t = 0.6247
F = 1.748 F = 1.694

Cefotriaxone Cefotriaxone ® vials 99.47 ± 1.43 100.41 ± 1.097 100.04 ± 0.9742
t = 0.7314 t = 0.5640
F = 2.154 F = 1.267

Cefuroxime Zinnat® vials 100.45 ± 1.019 100.29 ± 1.289 100.33 ± 0.7431
t = 0.2127 t = 0.06312
F = 1.881 F = 3.009

Cepharadine Velosef® vials 99.86 ± 1.02 100.08 ± 1.3 99.89 ± 1.190
t = 0.04279 t = 0.2411
F = 1.359 F = 1.193

Cepharadine Velosef® capsuls 99.57 ± 1.34 100.38 ± 1.061 100.25 ± 0.7994
t = 1.083 t = 0.2155
F = 2.013 F = 1.760

Cepharadine Velosef® suspensions 100.19 ± 1.594 100.33 ± 1.233 99.9 ± 1.203
t = 0.3314 t = 0.5634
F = 1.756 F = 1.050
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a Average of five determinations.
b Tabulated value at 95% confidence limit, t = 2.306 and F = 6.388.

.5. Quantitation methods

.5.1. Initial rate method
The initial rate of the reaction followed a pseudo-first-order and

as found to obey the following equation:

= �If
�t

= K ′Cn

here � indicates the reaction rate, I the fluorescence intensity,
f
measuring time, K′ the pseudo-first-order rate constant, C molar
oncentration of cephalosporins and n the order of the reaction.

The logarithmic form of the above equation is written as follows:
og � = log �If/�t = log K′ + n log C.

able 9
pplication of the proposed method to the determination of cephalosporins in
piked human plasma.

rug % Recoverya

0.2 �g mL−1 0.9 �g mL−1 1.2 �g mL−1

ephalexin 98.7 ± 0.6 99.65 ± 0.6534 98.32 ± 1.105
ephapirin 98.85 ± 0.4648 99.79 ± 1.573 97.26 ± 1.130
efazoline 99.22 ± 1.824 99.22 ± 1.004 98.9 ± 1.637
efotriaxone 99.51 ± 0.9455 99.99 ± 1.394 96.79 ± 2.078
efuroxime 99.67 ± 0.6881 99.98 ± 1.912 98.09 ± 1.073
ephradine 96.74 ± 1.4 97.15 ± 1.757 97.91 ± 1.784

a Mean of 3 replicate ± S.D.
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Regression analysis using the method of least square was
erformed to evaluate the slopes, intercepts and correlation
oefficients. The analytical parameters and results of regres-
ion analysis are given in Table 3. The value of n (≈1) in
he regression equation confirmed that the alkaline hydrol-
sis of investigated cephalosporins was a pseudo-first-order
ith respect to cephalosporins concentration. The limits of
etection (LOD) were calculated and the obtained results con-
rm good sensitivity of the proposed method; consequently,
he suggested method can determine a low concentration of
ephalosporins.

.5.2. Fixed time method
In this method, the relative fluorescence intensity of the

eaction solution containing varying amounts of cephalosporins
as measured at a preselected fixed time. Calibration plots
f relative fluorescence intensity versus the concentration of
ephalosporins at a fixed time were established for each inves-
igated cephalosporins. The regression equation, correlation
oefficients and detection limits are given in Table 4. For all the
nvestigated cephalosporins except cephalexin and cephapirin, the
owest detection limit was obtained at a fixed time of 60 min;
hereas at the fixed time of 20 min, a wider concentration range
or quantification was observed. As to cephalexin and cephradine,
he lowest detection limit was obtained at a fixed time of 30 min;
hereas at the fixed time of 10 min, a wider concentration range

or quantification was observed.
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Table 10
% Recoveries after application of the proposed method in real human plasma sample using initial rate method.

Drug Deliveryin vitro % Recoveryin vitro Deliveryin vivo % Recoveryin vivo

(A) Intraday assay
Cephalexin 0.3914 97.85 0.3192 79.80

0.3332 83.30
0.3444 86.10

Mean ± S.D. 83.06 ± 3.156

Cephradine 0.296 98.66 0.2469 82.36
0.2695 89.83
0.2613 87.09

Mean ± S.D. 86.42 ± 3.779

Cefuroxime 0.4937 98.74 0.3912 78.24
0.4008 80.16
0.3936 78.72

Mean ± S.D. 79.04 ± 0.9992

Ceftriaxone 0.9435 99.32 0.6626 69.75
0.6786 71.43
0.6728 70.82

Mean ± S.D. 70.66 ± 0.8504

Cephapirin 0.2001 100.05 0.1582 79.10
0.1624 81.20
0.1562 78.10

Mean ± S.D. 79.46 ±1.582

Cefazoline 0.8102 101.28 0.5552 69.40
0.5394 67.43
0.5211 65.14

Mean ± S.D. 67.32 ± 2.132

(B) Interday assay
Cephalexin 0.3926 98.15 0.3262 81.55

0.3011 75.27
0.3559 88.97

Mean ± S.D. 81.93 ± 6.858

Cephradine 0.2943 98.10 0.2464 82.13
0.2235 74.50
0.2649 88.30

Mean ± S.D. 81.64 ± 6.913

Cefuroxime 0.4955 99.11 0.3776 75.53
0.3920 78.41
0.4168 83.37

Mean ± S.D. 79.10 ± 3.966

Ceftriaxone 0.9366 98.59 0.6741 70.96
0.6235 65.63
0.6462 68.02

Mean ± S.D. 68.2 ± 2.670

Cephapirin 0.1997 99.85 0.1578 78.90
0.1671 83.55
0.1617 80.85

Mean ± S.D. 81.10 ± 2.335

Cefazoline 0.8059 100.74 0.5177 64.71
0.5571 69.64
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Mean ± S.D.

According to international conference of harmonization (ICH)
uideline for validation of analytical procedures [41], the detec-
ion limit is not required to be part of the validation procedure
or assay. Therefore, on the basis of the wider concentration range
nd less time of analysis, the fixed time of 10 min or 20 min was
ecommended for the determination.
.6. Validation of the proposed method

Concentration range [41] is established by confirming that the
nalytical procedure provides a suitable degree of precision, accu-
acy and linearity when applied to the sample-containing amount

t
c
p
t
t

0.5789 72.36
68.9 ± 3.878

f analyte within or at the extreme of the specified range of the
nalytical procedure [42,43]. In this work, the concentrations rang-
ng from 3 × 10−7 mol L−1 to 34 × 10−7 mol L−1 were studied for
he investigated drugs in the initial rate method and the concen-
rations ranging from 5 �g mL−1 to 25 �g mL−1 were studied for
he investigated drugs in the fixed time method (at preselected
xed time of 10 min for cephalexin, cephradine and 20 min for

he other investigated cephalosporins). All the experiments were
arried out through this range to ensure the validation of the pro-
osed procedure. Linear calibration graphs were obtained for all
he studied drugs by plotting the logarithm of the initial rate of
he reaction versus the logarithm of molar concentration of ana-
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Table 11
% Recoveries after application of the proposed method in real human plasma sample using fixed time method.

Drug Deliveryin vitro % Recoveryin vitro Deliveryin vivo % Recoveryin vivo

(A) Intraday assay
Cephalexin 0.405 101.23 0.3235 80.75

0.3375 84.37
0.3436 85.90

Mean ± S.D. 83.67 ± 2.645

Cephradine 0.2983 99.43 0.2614 87.3
0.2745 91.50
0.2793 93.09

Mean ± S.D. 90.63 ± 2.991

Cefuroxime 0.2668 98.81 0.2110 78.14
0.2162 80.07
0.2123 78.62

Mean ± S.D. 78.94 ± 1.005

Ceftriaxone 0.9973 99.73 0.6630 66.3
0.6791 67.91
0.6733 67.33

Mean ± S.D. 67.18 ± 0.8154

Cephapirin 0.2012 100.60 0.1559 77.95
0.1602 80.1
0.1539 76.95

Mean ± S.D. 78.33 ± 1.610

Cefazoline 0.2952 98.40 0.2081 69.36
0.2022 67.40
0.1954 65.13

Mean ± S.D. 67.29 ± 2.117

(B) Interday assay
Cephalexin 0.4076 101.90 0.3260 81.5

0.3059 76.47
0.3546 88.65

Mean ± S.D. 82.21 ± 6.121

Cephradine 0.2949 98.30 0.2519 83.96
0.2416 80.53
0.2779 92.63

Mean ± S.D. 85.71 ± 6.236

Cefuroxime 0.2657 98.41 0.2037 75.45
0.2114 78.30
0.2247 83.24

Mean ± S.D. 78.99 ±3.941

Ceftriaxone 1.013 101.30 0.6746 67.46
0.6054 60.54
0.6466 64.66

Mean ± S.D. 64.22 ± 3.481

Cephapirin 0.1961 98.05 0.1555 77.75
0.1649 82.45
0.1595 79.75

Mean ± S.D. 79.98 ± 2.359
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Cefazoline 0.3006 1

Mean ± S.D.

yte in the sample (in initial rate method) within the specified range
Fig. 4):

og � = log
�If
�t

= log K ′ + n log C

or by plotting the relative fluorescence intensity of the studied
rugs versus the drug concentration (in fixed time method) within
he specified range (Fig. 5).
Linearity was studied for both initial rate and fixed time method
ndicated by the values of correlation coefficient (r) and determi-
ation coefficient (r2) for both methods (Tables 3 and 4).

Accuracy [43] was checked at three concentration levels within
he specified range, and six replicate measurements were recorded

p
a

s
i

0.1941 64.70
0.2088 69.60
0.2170 72.33

68.88 ± 3.866

t each concentration levels. The results were recorded as percent
ecovery ± standard deviation (Tables 5 and 6). In comparison of our
esults with that of other reported method, it is considered more
ccurate.

Precision [43] was checked at three concentration levels, and
ight replicate measurements were recorded at each concentration
evel; the results are summarized in Table 7. The calculated rela-
ive standard deviations were all below 2.2% indicating excellent

recision of the proposed procedure at both levels of repeatability
nd intermediate precision.

The limit of detection [41] was calculated based on the
tandard deviation of response and the slope of the cal-
bration curve [42]. The limit of detection was expressed
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s [43]:

OD = 3�

S

here � is the standard deviation of intercept and S is the slope of
he calibration curve.

The results were summarized in (Tables 3 and 4) indicating a
ood sensitivity of the proposed method. According to USP XXV
alidation guidelines [43], the calculated LOD values should be fur-
her validated by laboratory experiments. In our work, good results
ere obtained where the calculated drug concentration by LOD

quations were actually detected in these experiments.
The limit of quantitation (LOQ) was calculated based on the stan-

ard deviation of the intercept and slope of the calibration curve.
n this method, the limit of quantitation is expressed as [43]:

OQ = 10�

S

he results were summarized in (Tables 3 and 4) indicating a good
ensitivity of the proposed method. According to USP XXV valida-
ion guidelines [44], the calculated LOQ values should be further
alidated by laboratory experiments. In our work, good results were
btained where the calculated drug concentration by LOQ equa-
ions were actually quantitated in these experiments.

Specificity and interference: It was observed that there is no
nterference from other additives such as the interference from
-arginine, which is commonly present in combination with
ephradine in Velosef vials. No significant difference could be
etected upon comparing R.F.I. of the cited drug alone or in
he presence of a ratio (3:7) drug–l-arginine, respectively. There-
ore, the proposed method is suitable for the determination of
ephalosporins in pharmaceutical formulations without prelim-
nary extraction, thus saving a lot of time and eliminating the
ossibility of making mistakes due to extraction techniques.

.7. Application to pharmaceutical dosage forms

The initial rate and fixed time methods have been tested for
ommercial pharmaceutical dosage forms. The results were statis-
ically compared with those of reported method [2–4], in respect
o accuracy and precision. The obtained mean recovery values of
he obtained amount were 99.2–100.67 ± 0.6226–1.69% as shown
n Table 8. According to the t- and F-tests, no significant difference
as found between the calculated and theoretical value of both the
roposed and the reported methods at 95% confidence level. This

ndicates good level of precision and accuracy.

.8. Application to spiked human plasma

The high sensitivity of the proposed method allowed the deter-
ination of the investigated cephalosporins in spiked human

lasma. Thus, it has been tested on spiked human plasma. The con-
entration of the investigated cephalosporins was computed from
ts responding regression equations. The obtained mean recovery
alues of the obtained amount were 96.79–99.99 ± 0.4648–2.078%
s shown in Table 9. It can be seen that the proposed method is suit-
ble for the analysis of the investigated cephalosporins in human
lasma.

.9. Analysis of cited drugs in real human plasma
% Recovery of the investigated cephalosporins in plasma was
alculated by using the following equation [44]:

recovery in vivo = deliveryin vivo × %
recoveryin vitro

deliveryin vitro

[
[
[
[
[

7 (2009) 1394–1404 1403

here % recoveryin vivo is % recovery for drug in real human sam-
le. Deliveryin vivo is concentration of the drug in real human
ample. % recoveryin vitro is % recovery for drug in spiked human
ample.

Deliveryin vitro is the concentration of the drug in spiked human
ample. % recoveries after application of the proposed method in
eal human plasma sample by intra and interday assay are shown
n Tables 10 and 11, respectively.

. Conclusion

The initial rate and fixed time methods can be easily applied for
he determination of investigated cephalosporin in pure and dosage
orms that do not require elaborate treatment or tedious extraction
f fluorophore product produced.

The proposed method is sensitive enough to enable determi-
ation of lower amounts of the studied drugs. This advantage
ncourages the application of the proposed method in routine-
uality control of the investigated cephalosporins in industrial
aboratories and in the analysis of the investigated cephalosporins
n human plasma.
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a b s t r a c t

Thick films of pure ZnO were obtained by screen-printing technique. Surface functionalized ZnO thick
films by Cr2O3 were obtained by dipping pure ZnO thick films into 0.01 M aqueous solution of chromium
trioxide (CrO3). The dipped films were fired at 500 ◦C for 30 min. Upon firing, the CrO3 would reduce to
Cr2O3. Cr2O3-activated (0.47 mass%) ZnO thick films resulted in LPG sensor. Upon exposure to 100 ppm
LPG, the barrier height between Cr2O3 and ZnO grains decreases markedly, leading to a drastic decrease
in resistance. The sensor was found to sense LPG at 350 ◦C and no cross sensitivity was observed to other
hazardous, polluting and inflammable gases. The quick response (∼18 s) and fast recovery (∼42 s) are the
Keywords:
Cr2O3-ZnO
Thick films
S
G

main features of this sensor. The effects of microstructures and dopant concentrations on the gas sensing
performance of the sensor were studied and discussed.
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. Introduction

Among the various materials, ZnO is the most promising semi-
onductor [1] to detect the toxic and hazardous gases. It has been
tudied that modified Cr2O3 [2] was used as a gas-sensing element.
n fact pure Cr2O3 was reported to have poor gas sensing properties
nd it is an insulator [3]. Cr2O3-activated ZnO was reported to be a
umidity [4] sensor.

Liquefied petroleum gas (LPG) is utilized in almost every kitchen
ll over the world. It is therefore, referred as a town gas or cooking
as. Along with inevitable domestic use, it is utilized in large extent
or industrial purposes and in laboratories as fuel. Cooking gas con-
ists chiefly of butane [5], which is a colourless and odourless gas. It
s usually mixed with compounds of sulphur (viz. methyl mercap-
an and ethyl mercaptan) having foul smell, so that its leakage can
e noticed easily. This gas is potentially hazardous because explo-
ion accidents [6] might be caused when it leaks out by mistake. It
as been reported that, at the concentration up to noticeable leak-
ge, it is very much more than the lower explosive limit (LEL) of
he gas in air. Explosion accidents destroyed many industries, lab-
ratories, kitchens and houses, buildings, societies and what not?

any researchers are working on LPG sensor, but could not meet

he challenges up to the depth of demand by society. So, there is
great demand from the society of detecting LPG for the purpose
f safety applications in domestic and industrial fields. The aim

∗ Corresponding author. Tel.: +91 2587 224226.
E-mail address: plalchand phy aml@yahoo.co.in (L.A. Patil).
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f the present work is to develop the LPG sensor by modifying
nO thick films, which could be able to detect the trace amount
f LPG.

It was studied that the gas sensing performance of the mate-
ial can be improved by incorporating few additives into the base
aterial and/or surface activation of thick films. Some well-known
aterials used for the fabrication of LPG sensor are SnO2 [7], Ru-

nO2 [8], Cu-ZnO [5], modified-SnO2 [9], etc.

. Experimental

.1. Thick film preparation

AR grade (99.9% pure) zinc oxide powder was ball milled to
nsure sufficiently fine particle size. The fine powder was calcined
t 1100 ◦C for 24 h in air and re-ground. Thick films of so obtained
owder were prepared by adopting the procedure explained else-
here [10]. These films were surface functionalized by dipping

hem into a 0.01 M aqueous solution of CrO3 for different inter-
als of time followed by firing (500 ◦C, 30 min). The CrO3 dispersed
n the film surface was reduced to Cr2O3 in firing process. Thus
he sensor elements with different mass% of Cr2O3 were obtained.
ilver contacts were made by vacuum evaporation for electrical
easurements.
.2. Characterizations

The crystalline structures of the films were analysed with X-
ay diffractogram (RIGAKU DMAX 2500) using Cu K� radiation
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Fig. 2. Micrographs of (a) pure, (b) Cr2O3-activated (5 min) and (c) Cr2O3-activated
Fig. 1. X-ray diffractogram of the Cr2O3-activated (5 min) ZnO.

ith a wavelength 1.5418 Å. The microstructure and chemical com-
osition of the films were analysed using a scanning electron
icroscope (JOEL JED 2300) coupled with an energy dispersive

pectrometer (6360 LA). Thickness measurements were carried out
sing a Taylor-Hobson (Talystep, UK) system. Thermoelectric power
easurements (TEP) were carried out in the laboratory. Electrical

nd gas sensing properties were measured using a static gas sensing
ystem. The LPG sensing performance of the sensors was examined
sing ‘static gas sensing system’ reported elsewhere [11,12]. A con-
tant D.C. voltage is provided to the sensor inside the gas chamber of
tatic gas sensing system. The corresponding current was recorded
rom the pico-ammeter. Air was allowed to pass into the glass dome
fter every LPG exposure cycle.

. Results and discussion

.1. Materials characterizations

.1.1. Structural properties (X-ray diffraction studies)
Fig. 1 shows the X-ray diffractogram of the Cr2O3-activated

5 min) ZnO, most sensitive film to LPG at 350 ◦C. The observed
eaks are matching well with JCPDS reported data of ZnO. The
harp peaks of the XRD pattern correspond to ZnO material and
re observed to be polycrystalline in nature. No peaks correspond-
ng to Cr2O3 may be due to its very small mass% dispersed on
he surface of ZnO. The crystals show anisotropy because differ-
nt directions within the repeating pattern interact differently with
ncident radiations. The average crystallite size determined from
cherer’s formula was observed to be in the range of 150–680 nm.

.1.2. Microstructure analysis (SEM)
Fig. 2 (a) shows randomly distributed grains with larger size

nd shape distribution. Fig. 2 (b) shows Cr2O3 grains associated
ith the ZnO grains. Cr2O3 grains may reside in the intergranular

egions of ZnO. The effective surface area was thus, expected to
ncrease largely. This may be the reason of giving maximum gas
esponse of this film. The entire ZnO film in Fig. 2 (c) was observed
o be masked as Cr2O3 grains fully cover the film. Thus reducing
he effective surface area. The gas molecules would not reach the
nterstitial sites of Cr2O3-ZnO grains. The surface only possesses the

olecules of Cr2O3.
.1.3. Thickness measurement
The thickness of the films was observed to be in the range from

5 to 35 �m. The reproducibility of the film thickness was achieved
y maintaining the proper rheology and thixotropy of the paste.

(30 min) ZnO samples.
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Table 1
Elemental analysis of unmodified (pure) and modified films.

Mass% Dipping time (min)

0 (Pure) 2 5 15 30

Zn 91.95 95.14 94.50 94.92 94.92
O 8.05 4.83 5.17 4.72 4.68
ZnO 100 99.96 99.53 99.47 99.41
C
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r 0.00 0.03 0.32 0.36 0.40
r2O3 0.00 0.04 0.47 0.53 0.59
r2O3-ZnO 100 100 100 100 100

.1.4. Thermoelectric power (TEP) measurements
The p-type semiconductivity of thick films of Cr2O3 and n-type

emiconductivity of thick films of ZnO were confirmed by measur-
ng thermo-electromotive force of thick film samples.

.1.5. Quantitative elemental analysis-EDAX
The quantitative elemental composition of the pure and Cr2O3-

ctivated ZnO films was analysed using an energy dispersive
pectrometer and mass% of Zn, O, ZnO, Cr and Cr2O3 are repre-
ented in Table 1. The stoichiometric mass% of Zn and O in ZnO are
0.34 and 19.66, respectively. The mass% of Zn and O in each sam-
le were not as per the stoichiometric proportion and all samples
ere observed to be oxygen deficient. Also, the films dipped in CrO3
ere observed to be most oxygen deficient than the pure ZnO film.

he film dipped for 5 min was observed to be rich in oxygen than
ther dipped films. Excess or deficiency of the constituent mate-
ial particles leads the semiconducting nature of the material. It is
lear from Table 1 that the mass% of Cr2O3 (ZnO) goes on increasing
decreasing) with the dipping time.

.2. Electrical properties of the sensor

.2.1. I–V characteristics
I–V characteristics (Fig. 3) of pure and Cr2O3-activated ZnO sam-

les are observed to be symmetrical in nature indicating ohmic
ature of silver contacts.

.2.2. Electrical conductivity
Fig. 4 shows the variation of log (conductivity) with reciprocal

perating temperature. The conductivity values varied nonlinearly

ith temperature. The increase in conductivity with increas-

ng temperature could be attributed to negative temperature
oefficient of resistance and semiconducting nature of the Cr2O3-
ctivated ZnO. The semiconductivity in Cr2O3-activated ZnO must

Fig. 3. I–V characteristics of the sensor.
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Fig. 4. Conductivity-temperature profile of pure and Cr2O3-ZnO samples.

e due to large oxygen deficiency in it. The material would
hen adsorb the oxygen species at higher operating temperatures
O2

− → 2O− → O2−). It is observed from figure that the electrical
onductivity of the pure ZnO thick film was larger than that of
r2O3-activated ZnO films in air ambient. The potential barrier
eight is developed due to the formation of heterogeneous inter-
rain boundaries of Cr2O3 and ZnO grains. Thus increased barrier
eight of the intergranular region of modified ZnO may be respon-
ible to decrease the conductivity.

.3. Gas sensing performance of the sensor

.3.1. Measurement of gas response
Gas response (S) is defined as the ratio of change in conduc-

ance of the sensor in presence and absence of the target gas to the
onductance in absence of the target gas. The relation for S is as:

= (Gg − Ga)
Ga

where, Ga and Gg are the conductance of sensor in air and in a
arget gas medium, respectively.

The conductance of the sensor mounted in the static gas sens-
ng system was measured in the absence of target gas. It is referred
s (Ga). Then, the known volume of mixture of target gas and air
as injected by a syringe through gas inlet pipe and the conduc-

ance was measured, which is referred as (Gg). Upon following the
elation of S, the gas response was calculated.

.3.2. Pure ZnO: H2 sensor

.3.2.1. Gas response and operating temperature. Fig. 5 depicts the
ariation of gas response with operating temperature of pure ZnO
hick film for 1000 ppm LPG and H2 gases. It is clear from figure
hat pure ZnO gives better response to H2 at 400 ◦C and compara-
ively less response to LPG at 350 ◦C. In case of pure ZnO, oxygen
dsorption on the surface of the film seems to be poor which may
e the result of poor response to reducing gases. In addition to this,
nO requires relatively larger operating temperature to adsorb the
xygen ions, and therefore it would respond at higher operating
emperatures (∼350–400 ◦C). To improve the sensing performance

f pure ZnO thick film, it is essential to modify its surface.

.3.2.2. Selectivity. Selectivity or specificity is defined as the ability
f a sensor to respond to certain gas in the presence of other gases.
t is observed from the Fig. 6 that the pure ZnO is sensitive to H2
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Fig. 5. Variation of gas response with operating temperature of pure ZnO film.
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3.3.3.3. Selectivity. Fig. 9 depicts the variation of gas responses of
Cr2O3-activated ZnO samples to LPG among the mixture of gases. It
Fig. 6. Selectivity of pure ZnO to different gases.

as. But it has least selectivity against different gases. This is the
ain drawback of pure ZnO thick film sensor.
.3.3. Cr2O3 modified ZnO: LPG sensor

.3.3.1. Gas response and operating temperature. It is clear from
ig. 7 that the gas response increases with operating temperature,
eaches to maximum at 350 ◦C and falls with further increase in

ig. 7. Variation of gas response with operating temperature of modified ZnO film.

i
s

Fig. 8. Variation of gas response with gas concentration.

perating temperature. At 350 ◦C, larger amount of oxygen would
e adsorbed on the surface, which would facilitate the sensor
o oxidize the LPG immediately giving larger gas response. The
dsorbed oxygen may desorb from the surface at higher temper-
tures (>350 ◦C). This may be the reason of decreasing the gas
esponse above 350 ◦C

.3.3.2. Gas response and gas concentration. It is observed from
ig. 8 that the response of Cr2O3-activated ZnO film was observed to
ncrease continuously with increasing the gas concentration up to
00 ppm, and it attains the maximum and saturates above 100 ppm.
herefore, the active region of the sensor would be up to 100 ppm,
s the rate of rise of response is larger during this region. At lower
as concentrations, the unimolecular layer of gas molecules would
e expected to form on the surface, which would interact with the
urface more actively giving larger responses. There would be mul-
ilayers of gas molecules on the sensor surface at the higher gas
oncentrations (> 100 ppm) resulting in saturation in gas response.
s clear from the figure that the Cr2O3-activated ZnO (5 min) sample
hows the selective response to LPG at 350 ◦C among all other gases.

Fig. 9. Response of sensor to various gases (Selectivity).
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Fig. 10. Variation of gas response with dipping time and Cr-dopant.

he film surface chemistry was favourable to oxidize the LPG easily
han other gases, giving response to LPG and less to others.

.3.3.4. Gas response and dipping time. Fig. 10 depicts the variation
f gas response with dipping time and Cr-dopant. The film dipped
or 5 min showed larger gas response (46). At 5 min dipping time,
he optimum mass% of Cr2O3 (0.47%) would dispersed on the sur-
ace of the film, and mass% of oxygen was also higher than other
ctivated films (Table 1). The larger gas response of Cr2O3-activated
nO thick films can be explained as follows. The adsorption mech-
nism of Cr2O3-activated ZnO would be different from that of pure
nO thick films. The optimum mass% of Cr2O3 on the surface of
nO would form misfit regions non-uniformly on the film surface.
he surface misfit regions enhance the oxygen adsorption on the

urface. Thus the number of oxygen species adsorbed on the acti-
ated surface would be larger. The larger the number of oxygen
pecies adsorbed, the faster would be the oxidization of LPG. This
ould increase the conductance of the film crucially, enhancing gas

t
t
t
(

Fig. 12. LPG sensing mechanism
Fig. 11. Response and recovery of Cr2O3-activated ZnO sample.

esponse. It is observed from Fig. 10 that the gas response is largest
t 0.47 mass% of the Cr-dopant on the surface of the film and falls
own for higher and lower dopant concentrations. At lower dopant
oncentrations, the numbers of Cr-misfts on the film surface are
ess, which would adsorb less oxygen species on the film surface.
owever, at higher dopant concentrations, the Cr-dopant would
ask the entire base material-ZnO and would resist the gas to

each up to the surface active sites, so gas response would decrease
urther.

.3.3.5. Response and recovery of the sensor. The time taken for the
ensor to attain 90% of the maximum increase in conductance on
xposure of the target gas is known as response time. The time
aken by the sensor to get back 90% of the maximum conduc-

ance when the flow of gas is switched off is known as recovery
ime. The response and recovery of the Cr2O3-activated ZnO (5 min)
hick film sensor are represented in Fig. 11. The response was quick
∼18 s) while the recovery was fast (∼42 s). The negligible quantity

of Cr2O3-ZnO thick films.
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f the surface reaction products and their high volatility explain
he quick response to LPG and fast recovery to its initial chemical
tatus.

. Discussion

Gas sensing mechanism (Fig. 12) is generally explained in terms
f conductance either by adsorption of atmospheric oxygen on the
urface and/or by direct reaction of lattice oxygen or interstitial oxy-
en with the test gases. In case of former, the atmospheric oxygen
dsorbs on the surface by extracting an electron from conduction
and, in the form of super-oxides or peroxides, which are mainly
esponsible for the detection of the test gases. At higher tempera-
ure, the adsorbed oxygen captures the electrons from conduction
and as:

2(air) + 2e−
(cond.band) → 2O−

(filmsurface).

It would result in decreasing conductivity of the film. When
PG reacts with the adsorbed oxygen on the surface of the film,
t gets oxidized to CO2 and H2O by following series of intermedi-
te stages. This liberates free electrons in the conduction band. The
nal reaction takes place as:

4H10(gas) + 13O−
(filmsurface)

→ 4CO2(gas) + 5H2O(gas) + 13e−
(cond.band).

This shows n-type conduction mechanism. Thus generated elec-
rons contribute to a sudden increase in conductance of the thick
lm. The Cr2O3 misfit regions dispersed on the surface would
nhance the ability of base material to adsorb more oxygen species
iving high resistance in air ambient. Therefore, the higher response
as obtained to 100 ppm LPG.

The mass% of Zn and O in each samples were not as per the
toichiometric proportion and all samples were observed to be the
xygen deficient (Table 1). This deficiency gets reduced (though
n less extent) due to adsorption of atmospheric/molecular oxy-
en. This helps in decreasing electronic conductivity of the film.
pon exposure, LPG molecules got oxidized with the adsorbed oxy-
en ions by following the series of intermediate stages, producing
O2 and H2O. This results in evolving oxygen as electrically neu-
ral atoms trapping behind the negative charges (electrons). Upon
xposure, the energy released in decomposition of LPG molecules,

ould be sufficient for trapped electrons to jump into the conduc-

ion band of activated ZnO, resulting in increase in the conductivity
f the film. The drastic increase in conductivity of the sensor could
e attributed to the adsorption–desorption mechanism resulted
rom the electronic defects.

r
t
m
a
t
M

77 (2009) 1409–1414

. Conclusions

1. Pure zinc oxide was almost less sensitive to LPG.
. Among various additives tested Cr2O3 in ZnO is outstanding in

promoting the LPG sensing.
. Surface modification by dipping process is one of the most suit-

able methods of modifying the surface of thick films.
. 0.47 mass% Cr2O3 incorporated in pure ZnO thick film is the most

sensitive element to LPG.
. The sensor has good selectivity to LPG against NH3, CO2, Cl2, H2

and C2H5OH.
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a b s t r a c t

A new growth recipe for producing carbon nanotubes (CNTs) combined with a new bonding technique
was implemented in a microfabricated gas chromatography (micro-GC) chip. Specifically, the micro-GC
chip contained a 30-cm (length) microfabricated channel with a 50 �m × 50 �m square cross-section. A
CNT stationary phase “mat” was grown on the bottom of the separation channel prior to the chip bond-
ing. Injections onto the micro-GC chip were made using a previously reported high-speed diaphragm
valve technique. A FID was used for detection with a high-speed electrometer board. All together, the
result was a highly efficiency, temperature programmable (via low thermal mass, rapid on-chip resistive
heating) micro-GC chip. In general, the newly designed micro-GC chip can be operated at significantly
lower temperature and pressure than our previously reported micro-GC chip, while producing excellent
chemical separations. Scanning electron microscopy (SEM) images show a relatively thin and uniform
mat of nanotubes with a thickness of ∼800 nm inside the channel. The stationary phase was further char-
acterized using Raman spectroscopy. The uniformity of the stationary phase resulted in better separation

efficiency and peak symmetry (as compared to our previous report) in the separation of a mixture of
five n-alkanes (n-hexane, n-octane, n-nonane, n-decane and n-undecane). The on-chip resistive heater
employing a temperature programming rate of 26 ◦C/s produced a peak capacity of eight within a 1.5-s
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. Introduction

Single and multi-wall carbon nanotube stationary phases for
se in gas chromatography (GC) have been the subject of several
ecent reports [1–6]. The majority of these reports utilized carbon
anotubes within a silica capillary. Multi-wall carbon nanotubes
MWCNTs) utilized as a GC stationary phase have faster mass trans-
er properties than graphitic carbon stationary phases and result in

ore symmetrical peaks for both polar and non-polar compounds
3]. Carbon nanotubes utilized within open tubular capillaries have
roven to be a robust stationary phase stable to high temperatures
nd capable of separating mixtures of compounds with good reso-
ution [2]. Previously, we reported a microfabricated GC (micro-GC)

hip implementing a single-wall carbon nanotube (SWCNT) sta-
ionary phase [1], whereby the SWCNTs were deposited through the
ithographic patterning of the growth catalyst on a silicon wafer [7].
tationary phases that can be grown within a microfabricated chan-
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el eliminate the potentially problematic coating methods that are
sed with polymer-based stationary phases [8,9].

While our previous report demonstrated that a SWCNT station-
ry phase could be readily incorporated in a on-chip resistively
eated micro-GC chip, providing fast temperature programmed
eparations on the order of a few seconds [1], there was an
bservable shortcoming in the uniformity of the SWCNT phase
hat appeared to limit the separation efficiency, N, and hence
imit device performance. In order to address this shortcoming,

new growth recipe for producing a highly uniform CNT phase
aterial has been implemented. This new growth recipe has been

ombined with a more effective bonding technique in order to
revent damage to the nanotubes during the bonding technique
nd deactivate the glass surface. The channel structure is 30 cm
n length, with a 50-�m by 50 �m cross-section that in principle
hould be able to provide rapid and efficient GC separations [10,11].
nly one of the four walls is coated with the CNT stationary phase,

coating procedure that greatly simplifies the separation channel
esign. However, analyte mass transfer should be extremely rapid
cross the narrow channel, which should minimize the potential
ource of band broadening due to coating only one channel wall.
he CNT stationary phase was characterized via SEM and Raman
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both with an internal diameter of 100 �m. The capillary leads were
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pectroscopy in order to verify the presence and quality of the CNTs
n the channel and to determine the diameter of the nanotubes. The
eparations obtained with this micro-GC chip contain peaks with
ore Gaussian-like peak profiles, as will be demonstrated via peak

ymmetry measurements [12]. The on-chip resistive heater that
ncorporated a thin serpentine film of metal (5 nm of Ti and 100 nm
f Pt) will also shown to be significantly more efficient (improved
elative to our initial report [1]). In this report, we will use a simple
ixture of relatively volatile hydrocarbons to test the separation

erformance. However, it is envisaged that the micro-GC chip
an, in principle, be more widely applicable to situations in which
igh-speed separations are needed, e.g., field monitoring, on-line
rocess control, and as the second dimension of comprehensive
wo-dimensional gas chromatography (GC × GC).

. Experimental

.1. Column fabrication

In brief, the separation channel and connecting ports were
tched in a silicon wafer and the nanotubes were grown in the sep-
ration channel; the channel was then sealed with SU8 2005, thus
roducing the GC column. The serpentine resistive heating element
as fabricated on the opposite side of the wafer.

Specifically, the fabrication process began with PR4640 pho-
oresist (Shipley Company, Marlborough, MA, USA) spun on the
ack side of a 500-�m thick Si wafer with native oxide. Ports
80 �m in circumference were patterned lithographically on the
ack of the wafer, then the photoresist was used as an etch mask
or a 460 ± 10 �m deep reactive ion etch (DRIE). After the etch-
ng process, the photoresist was removed from the back of the
afer. Next, PR4640 was again spun on the back side of the wafer

nd resistive heaters (metal film) were patterned onto the wafer,
.e., a 5-nm of Ti and 100 nm of Pt metal film was evaporated
nto the wafer before the photoresist was removed again. Then,
he front side of the wafer was coated with PR4620, and a 30-
m long and 50 �m wide channel was patterned onto the wafer.
he front channel was etched with DRIE to a depth of nominally
0 �m, again using the photoresist as an etch mask. The result-

ng separation channel was 30 cm long with a 50 �m × 50 �m
quare cross-section. A rectangular cross-section keeping the 50-
m depth constant could also be used, and in principle provide
ssentially the same separation efficiency but a higher sam-
le capacity. The catalyst metals (100 Å Al, 1 Å Pt, 5 Å Fe) were
eposited with an electron-beam evaporator, and lift-off was per-
ormed by soaking the wafer in acetone for 10 min, followed by
rief (1–5 s) sonication and rinsing with acetone, ethanol and
ater.

The CNTs were grown onto one of the four walls of the sepa-
ation channel via chemical vapor deposition; the CNT stationary
hase was grown only in the bottom of the channel to simplify
he microfabrication [1]. The 2 in.diameter furnace was heated to
00 ◦C before the wafer was introduced. The wafer was heated at
rate of 40 ◦C/min to 850 ◦C while flowing Ar gas at 240 ml/min

ombined with H2 at 160 ml/min. Once 850 ◦C was reached, the
emperature was held constant until the end of the growth. After
0 min of heating, water was added to the reaction mixture by
ixing argon that was bubbled through a water bubbler into the

as stream, maintaining the total flow of argon at 240 ml/min. The

ater content was regulated to be constant at 1000 ppm at the

eed end. After 20 min of heating, 40 ml/min of ethylene was added
or 10 min (all gases in this process were from Matheson Tri-Gas,
ewark, NJ, USA). During the growth, the pressure at the exhaust
as maintained at 14 psi (99,300 Pa). The CNT coverage (i.e., on
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ne wall of the separation channel) was analyzed with scanning
lectron microscopy (SEM).

After the growth of the CNT phase, the channel structure was
ealed by spin-coating the glass cover slide with SU8 2005 (Micro
hem, Newton, MA, USA) at 500 rpm for 5 s, then 2000 rpm for 30 s.
he glass slide was desiccated for 5 min at 200 ◦C then cooled by
lowing nitrogen over it before the SU8 was added. The silicon col-
mn was firmly pressed on top of the coated glass slide, making
ure there were no voids between the glass and the silicon. With
he glass facing down, the wafer was baked in an oven by ramping
o 65 ◦C at a rate of 5 ◦C/min and baking for 10 min, then ramping
o 95 ◦C at 5 ◦C/min, baking for another 5 min, and finally ramp-
ng to 200 ◦C at 5 ◦C/min and baking for an additional 5 min. Bare
ilicon micro-GC chips were manufactured in the same manner
escribed above, omitting the steps relating to the growth of the
NT stationary phase.

.2. Chromatographic instrumentation

All chromatographic experiments were completed using a Agi-
ent 6890 GC (Agilent Technologies, Santa Clara, CA, USA) modified

ith a single diaphragm valve (VICI Valco, Houston, TX, USA) for
igh-speed sample injections onto the micro-GC chip, as previously
eported [13–16]. The Agilent 6890 GC serves as a platform to study
he separation performance of the micro-GC chip. Briefly, a sample
s injected using the standard 6890 autoinjector, and a small por-
ion of the autoinjected pulse is subsequently injected using the
igh-speed diaphragm valve (set to inject a 15-ms sample pulse

or this study). This 15 ms sample pulse is then separated by the
icro-GC chip either with or without the CNT stationary phase

and either with or without on-chip resistive heating), followed by
high-speed FID. Note that the GC oven was used for the initial tem-
erature setting, i.e., for isothermal separations as well. The timing
nd actuation of the diaphragm valve was controlled using an in-
ouse written LabVIEW (National Instruments, Austin, TX) program
11] and the FID was modified with an in-house built electrome-
er for high-speed detection of the narrow chromatographic peaks
20,000 Hz sampling rate). All temperature programming was com-
leted using the on-chip resistive heating element (discussed in
ore detail in Section 2.1). The timing for the resistive heating was

ontrolled via an in-house written LabVIEW program as previously
eported [1,17]. A variable autotransformer (Stace Energy Products
o., Dayton, OH, USA) supplied a variable AC voltage (0–120 V) in
rder to resistively heat the micro-GC chip, as previously reported
1].

.3. Chromatographic experiments

All chromatograms were collected with the 6890 GC inlet and
ID temperature of 250 ◦C. The inlet was set for a splitless injec-
ion with a pressure of 10 psi (69,000 Pa) of hydrogen carrier gas,
esulting in a carrier gas velocity of 95 cm/s at 50 ◦C. The trans-
er line from the 6890 GC autoinjector to the diaphragm valve was

12-cm length of methyl deactivated capillary with an internal
iameter of 100 �m. The auxiliary pressure (for the hydrogen car-
ier gas through the chip) was also set at 10 psi (69,000 Pa). The
icro-GC chip was interfaced to the diaphragm valve and FID with

3 and 16 cm lengths of methyl deactivated capillary, respectively,
ttached to the micro-GC chip with high temperature epoxy (J-B
eld, Sulfur Springs, TX, USA) as previously reported [1]. The cap-

llary leads were isothermal during all separations; they were not
esistively heated. All chromatograms were obtained using a 15-ms
njection pulse from the diaphragm valve.
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. Results and discussion

.1. Characterization of the CNT stationary phase

The CNT stationary phase on one wall of the separation chan-
el was characterized via both SEM and Raman spectroscopy. The
EM images are shown in Fig. 1. Note that while this characteriza-
ion is described first for clarity, the experiments themselves were
one last, after all the chromatographic experiments were com-
leted, since the chip needed to be carefully sliced open orthogonal
o the channel to facilitate SEM and Raman characterization. Sev-
ral channel locations were examined, and the results presented
re representative and consistent.

The image in Fig. 1A is a SEM image and shows that the nan-
tubes have formed a relatively uniform mat in the microfabricated
hannel. This is different than the tangles (with voids) of SWCNTs

hat were previously reported [1]. The image in Fig. 1A shows that
he CNTs are ∼800 nm tall within the channel. A detailed SEM image
f the CNT stationary phase is shown in Fig. 1B. Since only the bot-
om of the channel is coated with the CNT phase, there is no build up
n the corners. The CNT stationary phase was further characterized

ig. 1. (A) SEM image of the stationary phase composed of a “mat” of CNTs within
micro-GC separation channel. (B) Detailed SEM image to more readily observe

ndividual CNTs within the separation channel.
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ig. 2. Raman spectra of the CNT stationary phase grown in the separation chan-
el. (A) Raman spectrum showing both the D-Band (∼1350 cm−1) and G-Band
∼1600 cm−1). (B) Detail of the radial breathing modes (<500 cm−1) of the spectrum
hown in (A).

tilizing Raman spectroscopy (with a laser excitation wavelength
f 633 nm). The full spectrum is shown in Fig. 2A; the large inten-
ity of the broad D-band (1250–1400 cm−1) suggests the presence
f multi-wall carbon nanotubes (MWCNTs) [18]. The presence of
he narrow G-band (1500–1700 cm−1), however, also suggests the
resence of SWCNTs, possibly with defects such as shortened tubes
nd vacancies, within the channel. The radial breathing modes
<500 cm−1), shown in Fig. 2B, suggest the presence of SWCNTs
ith a diameter of ∼2 nm [18]. From high-resolution SEM images,
ot shown for brevity, the diameter of the MWCNTs was found to be
40 nm. Overall, the CNT stationary phase appears reasonably uni-

orm in size and distribution on the one wall within the micro-GC
hannel. Other channel locations analyzed provided similar results,
ot shown for brevity.

.2. Evaluation of bare silicon micro-GC chips

In order to fully characterize the CNT stationary phase, chro-
atograms were collected utilizing bare silicon micro-GC chips.

hese bare silicon chips do not contain a CNT stationary phase.
five-compound n-alkane mixture was injected onto a represen-

ative bare micro-GC chip. Iosthermal separations of the n-alkane
ixture are shown in Fig. 3. The sample was prepared neat, so there

s no solvent peak. The isothermal separation of the mixture at 50 ◦C
s shown in Fig. 3A. The separation is complete in less than 1.5 s

ith minimal separation of the first four compounds. The last elut-
ng compound, n-undecane, is slightly retained most likely due to

he differential between the boiling point of the compound and the
eparation temperature. The isothermal separation of the mixture
t 100 ◦C is shown in Fig. 3B. There is no visible separation of the
ve-compound mixture at this high temperature. Due to the lack of
eparation at both isothermal separations (relative to the micro-GC
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Fig. 3. Isothermal separations of a five-compound n-alkane mixture (retention
order: n-hexane (C6), n-octane (C8), n-nonane (C9), n-decane (C10), n-undecane
(C11)) utilizing a bare silica micro-GC chip. All data collected using H2 carrier gas
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a stationary phase consisting of nanotube “tangles” with spaces up
to 500 nm between them (see p. 5642, Fig. 3B). The spaces between
the nanotube “tangles” contributed to significant band broadening,
and a uniform mat of stationary phase is preferred.

Table 1
Temperature programming rates for the on-chip resistive heater (Ti = 50 ◦C) for var-
ious applied voltages.

◦

t an absolute head pressure of 10 psi (69,000 Pa). Separations were obtained using
he 30 cm micro-GC chip with a 50 �m × 50 �m channel cross-section. (A) Separa-
ion obtained at an isothermal temperature of 50 ◦C. (B) Separation obtained at an
sothermal temperature of 100 ◦C.

hip separations with the CNT stationary phase shown next), the
onclusion that the bare silicon chip does not contribute signifi-
antly to the separation of the compounds in the n-alkane mixture
an be reached.

.3. On-chip resistive heating as a means of temperature
rogramming

The micro-GC chip with CNT stationary phase was utilized to
eparate a mixture of five n-alkanes (n-hexane, n-octane, n-nonane,
-decane and n-undecane). The isothermal separation of the mix-
ure at 50 ◦C is shown in Fig. 4A. The separation is complete in less
han 10 s with the earlier peaks eluting with good signal-to-noise
nd adequate resolution. The later eluting peaks (n-decane and n-
ndecane) have significantly larger peak widths, and n-undecane

s barely visible above the baseline. An increase of the isothermal
emperature to 100 ◦C resulted in the separation shown in Fig. 4B.

he separation is complete in less than 2 s, which is fivefold faster
han the isothermal separation at 50 ◦C (Fig. 4A); however, the ear-
ier eluting peaks are overlapped significantly. The decreased peak

idths of the later eluting peaks and the increased signal-to-noise
or n-undecane demonstrate the benefit of the higher isothermal

V

2
3
3
4
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emperature (100 ◦C). This is commonly referred to as the general
lution problem, where for GC no single isothermal temperature
rovides optimal resolution with consistently narrow peaks for a
ixture of compounds with a sufficiently wide boiling point range.
A common solution to the general elution problem is the use

f temperature programming. To address this issue, this micro-
C chip was equipped with an on-chip resistive heating element.
pplying a voltage across the heating element results in a rapid
nd reproducible temperature program [1]. The five-compound
-alkane mixture separated isothermally in Fig. 4A and B was tem-
erature programmed by applying 36 V to the heating element,
roducing a temperature program of 26 ◦C/s (with the calibration
f the programming rate described below). The resulting tempera-
ure programmed separation is shown in Fig. 4C. The separation is
omplete in less than 2.5 s with sufficient resolution between all of
he analytes and an improved signal-to-noise ratio for n-undecane,
hen compared to the separation obtained at an isothermal tem-
erature of 50 ◦C. A peak capacity of eight within a 1.5-s time
indow can be computed from the data in Fig. 4C.

The new micro-GC chip was characterized isothermally using
single analyte to determine the linearity of analyte retention as
function of temperature, and ultimately to calibrate the tem-

erature programming rate as a function of applied voltage. The
est analyte, n-decane, was injected neat at four isothermal tem-
eratures in order to create a van’t Hoff plot (a plot of ln k vs.
/T), where k is the analyte retention factor and T is the separa-
ion temperature in Kelvin. This plot along with the best fit line
nd equation are shown in Fig. 4D. The equation of the line shown
as used, as previously reported [1,17], to determine the rate of

emperature programming in Fig. 4C. The rates of temperature pro-
ramming resulting from several different voltages are tabulated
n Table 1. The linearity of the van’t Hoff plot suggests that the
ow temperatures do not adversely affect the retention of the ana-
yte; the retention of n-decane is linear over the temperature range
eported. Also, the on-chip resistive heater employed appears to be
lightly more efficient than the previously reported model [1]. The
reviously reported temperature program of 60 ◦C/s was produced
y applying 96 V to the heating element. The new micro-GC chip
ould require one third less voltage (63 V as extrapolated from the
ata in Table 1) to produce the same temperature programming
ate.

.4. Comparison of the new CNT micro-GC chip to previous study

The CNT micro-GC chip reported herein is a redesign and
mprovement over our previous report [1] (see p. 5642, Figs. 3B
nd 4C and p. 5643, Table 1 of that reference), consequently a com-
arison of the two chips is presented. The new growth recipe for
he CNT stationary phase results in a very uniform stationary phase
see Fig. 1 in the report herein). The old growth recipe resulted in
oltage applied (V) Temperature programming rate ( C/s)

4 10
0 18
6 26
2 33
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Fig. 4. Isothermal and temperature programmed separations of a five-compound n-alkane mixture (retention order: n-hexane (C6), n-octane (C8), n-nonane (C9), n-decane
(C10), n-undecane (C11)) utilizing a silica micro-GC chip with CNT stationary phase. All data collected using H2 carrier gas at an absolute head pressure of 10 psi (69,000 Pa).
Separations were obtained using the 30-cm micro-GC chip with a 50 �m × 50 �m channel cross-section. (A) Separation obtained at an isothermal temperature of 50 ◦C. (B)
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eparation obtained at an isothermal temperature of 100 ◦C. (C) Temperature progra
esulting in a temperature programming rate of 26 ◦C/s (initial column temperatur
NT stationary phase used for the calibration of the temperature programming rat
arrier gas at an absolute head pressure of 10 psi (69,000 Pa). Methane was used as

The previously reported chips resulted in chromatograms with
ighly tailed peaks, even when temperature programmed (see p.
642, Fig. 4C). Chromatograms obtained with the chips reported
erein contain peaks that are significantly more Gaussian-like in
ature. The peak tailing, even in the isothermal chromatogram at
0 ◦C, is minimal when compared to the previously reported chips.
he separations using the new chips resulted in a 66% reduction
n the skew of the isothermal n-hexane peaks. For n-octane, which
as slightly more retained, a reduction in the skew of 98% was
bserved. Since there was minimal retention for the bare chips
Fig. 3A and B), adsorption to the bare walls was not a significant
ontributor to peak tailing. More likely, the observed peak tailing in
he present study was due to the difficulty in minimizing sources
f extra-column band broadening such as dead volumes.

A plot of the peak width-at-half-height, wh, as a function of
he adjusted retention time, tR − tM (the retention time minus the
ead time), for both the isothermal (at 50 ◦C) and temperature
rogrammed separations is shown in Fig. 5A (data from separa-

ions shown in Fig. 4A and C). For isothermal GC, band broadening
s essentially linear with adjusted retention time (as well as k)
11]. Temperature programming significantly reduces the width
nd retention time of the more retained compounds, which leads
o a larger S/N ratio. For example, at a common adjusted retention

t
o

a
n

separation obtained by applying 36 V across the on-chip resistive heating element
50 ◦C). (D) van’t Hoff plot (ln k vs. 1/T) of n-decane for the micro-GC chip with the
e best fit line and equation are displayed on the graph. All data obtained using H2

time marker for k calculations, tM = 632 ms.

ime of ∼0.9 s, the temperature programmed peak width is approx-
mately two thirds of the isothermal peak width. A detailed view of
he temperature programmed data from the plot in Fig. 5A is shown
n Fig. 5B. Since the wh values increase only moderately as a func-
ion of tR − tM suggests that the temperature programming rate has
een nearly optimized in the context of the slow velocity utilized
or the separation in Fig. 4C. The same statement cannot be applied
o the previously reported devices, where the wh values increase
ramatically as a function of tR − tM (see p. 5642 Fig. 4C).

Moreover, the analyte n-hexane, with the smallest adjusted
etention time on the previously reported micro-GC chip, has a peak
idth that is actually fourfold narrower than obtained with the new

hip, ∼12 ms versus ∼50 ms. This is predominately due to the dif-
erence in the carrier gas velocities for the two chips. The previous

icro-GC chip was operated at an average linear flow velocity, ū,
f ∼1100 cm/s while the new micro-GC chip was operated at a ū of
95 cm/s. Meanwhile, as for the more retained analytes, the peak
idths on the new chip are significantly narrower, suggesting that
he temperature programming rate for the new chip was essentially
ptimized.

The new micro-GC chip also results in a higher peak capacity for
temperature programmed separation. The peak capacity for the
ew micro-GC device is approximately 8 for a time window of 1.5 s
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Fig. 5. Plots of width-at-half-height, wh , as a function of adjusted retention time,
tR − tM for the five compound n-alkane mixture separations shown in Fig. 4. (A)
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sothermal data at 50 ◦C (�) (data from Fig. 4A) and temperature programmed
ata at 26 ◦C/s (�) (data from Fig. 4C). (B) Detail of the plot in (A) containing only
he temperature programmed data at 26 ◦C/s. Methane was the dead time marker,
M = 632 ms.

for the separation shown in Fig. 4C). The previously reported device
as a peak capacity of approximately 6 for the same 1.5 s time frame
see p. 5642, Fig. 4C). The fact that the average linear flow velocity
or the previously reported micro-GC chip is approximately 12-fold
igher than the average linear flow velocity of the new micro-GC
hip should be an advantage. In most cases the faster the velocity,
he higher the peak capacity of the resulting separation. For this

articular case, the new device has a higher peak capacity even
hough it was operated at a much lower velocity.

The new micro-GC chip has a separation channel that is
0 cm with a 50 �m × 50 �m cross-section. The previously reported
icro-GC chip had a separation channel 50 cm in length with

[
[

[
[
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100 �m × 100 �m cross-section. The dependence on channel
imensions for the anticipated peak width, in the absence of
ny extra-column band broadening, can be estimated from Golay
heory [11]. The improvement in the new micro-GC chip is a com-
ination of factors. These factors include, but are not limited to, the
ew nanotube growth recipe that led to a uniform thickness of the
anotube “mat” in the channel (as per Fig. 1), the uniform size of
he nanotubes (length and diameter), and the different chip bond-
ng technique. The major improvements in peak shape suggest that
he presented micro-GC chip utilizing CNTs as the stationary phase
s a significant enhancement of the previously reported chips.

. Conclusions

The micro-GC chip reported herein utilized a carbon nanotube
CNT) stationary phase grown utilizing a new growth recipe, which
esulted in a more uniform stationary phase morphology and an
mprovement in peak symmetry, peak capacity, and overall sep-
ration performance. Micro-GC chips can be fabricated in a batch
ormat because multiple columns can be etched onto one wafer. The
ower energy and carrier gas consumption make these chips more
ppealing and likely more applicable for field portable applications
f micro-GC.
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a b s t r a c t

In this study, MTBSTFA and BSTFA, which are among the preferred derivatization reagents for silylation
were both tested on derivatization of six different groups of polar chemicals to get information about
usefulness in terms of sensitivity and specificity of both reagents. Tested compound groups were nitro-
phenols and methoxyphenols, sterols and sugars, dicarboxylic acids and hydroxylated polycyclic aromatic
hydrocarbons.

It was found that MTBSTFA-derivates produce characteristic fragmentation patterns presenting mainly
the fragments [M]+, [M−57]+ and [M−131]+, of which [M−57]+ is generally dominant on the mass spectro-
gram. BSTFA-derivates mainly show the fragments [M]+, [M−15]+ and [M−89]+ whereof the molecular ion
[M]+ is generally dominant. It was also found that steric hindrance and molecular mass play a very impor-
tant role in the choice of the best suited derivatization reagent: compounds with sterically hindered sites
derivatized with MTBSTFA produce very small analytical responses or no signal at all, and compounds with

high molecular mass produce no characteristic fragmentation pattern when derivatization is performed
with BSTFA.

It was also found that MTBSTFA-derivatization facilitates separation of isomer analytes, suggesting its
choice in combination to semi-polar columns, whilst BSTFA seems better for sterically hindered com-
pounds.

Findings were confirmed with applications of both reagents to biological and environmental matrices
(urine and atmospheric aerosols).

t
w
i
i
t
z
m
s
f

. Introduction

Derivatization is a chemical process for modifying compounds
n order to generate new products with better chromato-
raphic properties. Several reasons may necessitate a deriva-
ization step, namely improving the thermal stability of some
ompounds–basically compounds containing polar functional
roups ameliorating the volatility, and introducing a detector-
riented marker on the molecule [1–3]. For gas chromatographic

GC) analysis, molecules containing functional groups such as
COOH, –OH, –NH, and –SH (i.e. sugars, steroids, cholesterol) are
f major concern due to their ability to form hydrogen bonds in-
etween compounds. This leads to weak volatility, to insufficient
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hermal stability, or may induce interactions of the compounds
ith the solid column packing [3,4] resulting in low detectabil-

ty. Sometimes, non-derivatized molecules (i.e. amphetamines and
ts metabolites) [5] also produce inoperative chromatograms due
o multiple peaks or bad separations of stereoisomers. Derivati-
ation with a selective reagent improves detectability in complex
atrix samples, and derivatization with chiral reagents improves

eparation of the peaks [5]. Thus, derivatization is a very use-
ul tool for detecting compounds in complex samples, and is
sed widely in forensic, medical and environmental chemistry
4].

Derivatization is usually done by substitutions on the polar func-

ion, where the most common reactions are alkylation, acylation
nd silylation [3,6,7]. Alkylation reagents reduce the polarity of
he compounds by substituting labile hydrogens for an aliphatic
r aliphatic–aromatic (e.g., benzyl) group. This technique is often
sed to modify compounds containing acidic hydrogens, such as
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Table 1
List of analyzed chemical compounds.

Compounds

Methoxyphenols
Guaiacola

2,6-Dimetoxyphenola

4-Hydroxybenzaldehydea

Vanillina

Homovanillic alcohola

4-Hydroxybenzoic acida

Coumaric acida

Syringaldehydea

3,5-Dimethoxy-4-hydroxyacétophenonea

Vanillic acidb

Homovanillic acidb

Coniferyl alcohola

Syringic acida

Succinic acid-d4 (ISTD*)a

Nitrophenols
Phenola

3-Methyl-4-nitrophenola

2,6-Dinitrophenola

2,5-Dinitrophenola

2,6-Dinitro-p-cresola

2,4-Dinitrophenola

4,6-Dinitro-o-cresola

3,4-Dinitrophenola

4-Nitrophenol-d4 (ISTD*)a

Sugars
l(+)-Rhammosec

l(+)-Arabinosea

d(+)-Xylosed

d(+)-Mannosed

d(+)-Glucosea

Levoglucosana

Erythritold

Xylitola

d(+)-Arabitolc

d(+)-Mannitola

Inositold

d(+)-Sucrosea

d(+)-Maltosed

Lactosea

d(+)-Melezitosea

Sterols
Cholesterola

Campesterola

Stigmasterola

�-Sitosterola

Phtalic acid-d4 (ISTD*)a

Dicarboxylic acids
Oxalic acida

Methylmalonic acida

Malonic acida

Maleic acidb

Methylsuccinic acida

Succinic acida

Fumaric acidb

Glutaric acida

Adipic acida

Pimelic acida

Phtalic acidb

Suberic acida

Oleic acida

Linoleic acida

Azelaic acidb

Sebacic acida

Decanoic acid-d19 (ISTD*)a

OH-PAHs
a

474 C. Schummer et al. / Ta

arboxylic acids and phenols, which are converted either into esters
r ethers [3].

In acylation reactions, compounds containing a labile hydro-
en are transformed into esters, thioesters and amides through the
ction of carboxylic acid and/or their derivatives [3]. Because of the
resence of residual acid, the products cannot be directly injected

nto the GC, but a purification step is required before injection [8].
cylation is commonly used to add fluorinated groups to molecules

or analysis by electron capture detectors [4,8].
In silylation reactions, a labile hydrogen from acids, alcohols, thi-

ls, amines, amides or enolizable ketones and aldehydes is replaced
y a trimethylsilyl group [3]. Reaction occurs through nucleophilic
ttack (SN2) [4,9], and the presence of a strong leaving group
ften improves the reaction yield. The products are generally more
olatile and thermally stable. In opposition to acylation, silylation
ormally does not require a purification step, and the derivatives
an be injected directly into the GC [6,9].

Silylation is the most prevalent derivatization technique
4,10–13], and common reagents are trimethylchlorosilane (TMCS),
rimiethylsilylimidazole (TMSI), N-methyl-trimethylsilyltrifluo
oacetamide (MSTFA), N,O-bis-(trimethylsilyl)trifluoroacetamide
BSTFA) and N-(t-butyldimethylsilyl)-N-methyltrifluoroacetamide
MTBSTFA) [4,14], whereof the two last ones are most frequently
sed, particularly when analyzing phenolic compounds, sterols
nd sugars [6,9,15]. Both reagents have already been used with
uccess in analyses performed in biological matrices on hyp-
otics like benzodiazepines [16], anti-inflammatory drugs like
aproxen [17], hydroxylated polycyclic aromatic hydrocarbons
18], personal-care products and pharmaceuticals [19], contami-
ants like hydroxylated polycyclic biphenyls [20] and flavonoids
21], and in analyses performed in environmental matrices on
rganic acids and peroxides in water [22], and chlorophenols and
itrophenols in atmosphere [9,23].

The aim of this study is to compare BSTFA and MTBSTFA
n derivatization reactions of different hydroxylated compound
roups. This study is intended for increasing knowledge about
ehavior and interest of both reagents. Studied compounds are
itrophenols (NPh) and methoxyphenols (MPh), sterols and sug-
rs, dicarboxylic acids (DA), and hydroxylated polycyclic aromatic
ydrocarbons (OH-PAHs). Both reagents are applied to OH-PAHs in
rine samples and methoxyphenols in atmospheric aerosols to ver-

fy that the findings and conclusions remain true when applied to
elected biological and environmental matrices.

. Materials and methods

.1. Reagents and equipments

All compounds were purchased from Fluka (l’Isle d’Abeau,
rance), Sigma–Aldrich (l’Isle d’Abeau, France), Dr. Ehrenstorfer
Augsburg, Germany), Acros Organics (Noisy le Grand, France) or
hiron AS (Trondheim, Norway). All compounds are listed in Table 1

Stock solutions at 1 g L−1 and working solutions of all com-
ounds except sugars were prepared in acetonitrile.

Stock solutions at 1 g L−1 and all dilutions of sugars were pre-
ared in dimethylformamide.

MTBSTFA and BSTFA were purchased from Sigma–Aldrich (St.
uentin Fallavier, France), acetonitrile, dichloromethane, n-hexane,

ethanol and toluene of HPLC grade were purchased from Lab-

can (Dublin, Ireland). Dimethylformamide of HPLC grade was
urchased from Prolabo (Fontenay sous bois, France).

�-Glucuronidase/arylsulfatase and sodium acetate were pur-
hased from Sigma-Aldrich (l’Isle d’Abeau, France) and Focus

1-Hydroxynaphthalene (1-OHNAPH)
2-Hydroxynaphthalene (2-OHNAPH)a

2-Hydroxyfluorene (2-OHFLU)a

9-Hydroxyfluorene (9-OHFLU)a

1-Hydroxyphenanthrene (1-OHPHEN)c
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Table 1 (Continued ).

2-Hydroxyphenanthrene (2-OHPHEN)c

3-Hydroxyphenanthrene (3-OHPHEN)c

4-Hydroxyphenanthrene (4-OHPHEN)c

9-hydroxyphenanthrene (9-OHPHEN)c

1-Hydroxypyrene (1-OHpyr)a

2-Hydroxy-benzo(c)phenanthrenea

6-Hydroxychrysene (6-OHCHRYS)c

1-Hydroxypyrene-d9 (ISTD*)e

Benzo(a)pyrenea
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Table 2
GC temperature programs.

Start
temperature

Ramp End
temperature

Hold time

Methoxyphenols 50 ◦C – 50 ◦C 5 min
50 ◦C 10 ◦C min−1 270 ◦C 5 min

Total time 32.0 min

Nitrophenols 80 ◦C – 80 ◦C 1 min
80 ◦C 5 ◦C min−1 150 ◦C 1 min
150 ◦C 20 ◦C min−1 230 ◦C 1 min
230 ◦C 5 ◦C min−1 280 ◦C 5 min

Total time 36.0 min

Sterols 100 ◦C – 100 ◦C 2 min
100 ◦C 20 ◦C min−1 230 ◦C 5 min
230 ◦C 5 ◦C min−1 270 ◦C 5 min

Total time 26.5 min

Sugars 50 ◦C – 50 ◦C 2 min
50 ◦C 5 ◦C min−1 250 ◦C 5 min

Total time 47.0 min

Dicarboxylic acids 60 ◦C – 60 ◦C 4 min
60 ◦C 15 ◦C min−1 155 ◦C 6 min
155 ◦C 5 ◦C min−1 190 ◦C 4 min
190 ◦C 5 ◦C min−1 210 ◦C 0 min
210 ◦C 20 ◦C min−1 270 ◦C 5 min

Total time 39.3 min

OH-PAHs 70 ◦C – 70 ◦C 2 min
◦ ◦ −1 ◦
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ompounds were purchased from aSigma–Aldrich, bFluka, cDr. Ehrenstorfer, dAcros
rganics or eChiron AS.
* ISTD = internal standard.

0 mg spe cartridges were purchased from Varian (Mechelen,
elgium).

.2. Derivatization method

For derivatization of OH-PAHs, 20 �L of a working solution at
mg L−1 were transferred to a sampling vial with aluminium-

ined screw caps containing 100 �L acetonitrile, 20 �L toluene and
0 �L benzo(a)pyrene at 1 mg L−1 as internal standard. The solution
as concentrated to approximately 20 �L under a gentle stream
f nitrogen, and 30 �L of derivatization reagent were added. The
erivatization conditions were determined after the investigation
f various experimental parameters including the reaction time
nd the temperature on the analytical responses of the compounds.
etails are given in Section 3.1. 1 �L of the derivatized solution was

ubjected to GC analysis.
All other compounds were derivatized as follows: 500 �L solu-

ion containing the internal standard (succinic acid-d4 for MPh,
ecanoic acid-d19 for DA, 4-nitrophenol-d4 for NPh, and phtalic
cid-d4 for sterols; at 20 mg L−1 for full scan mode or 1 mg L−1 for
IM mode, except for sugars where external calibration was done)
ere transferred into sampling vials with PTFE-lined screw caps

nd 100 �L derivatization reagent were added. The solution was
eated at 80 ◦C for one hour, under stirring with a magnetic stirrer
ar. 1 �L of the derivatized solution was injected for GC analysis
14,24].

.3. Instrumentation

An Agilent GC/MS instrument equipped with a 7673A automatic
ampler, a 6890 series II gas chromatograph with a split/splitless
njector and a 5973 mass selective detector was used for the
nalysis of OH-PAHs. The gas chromatograph was equipped with
Hewlett-Packard HP-ULTRA 2 column (crosslinked 5% phenyl-

imethylsiloxane) capillary column (12 m × 0.20 mm × 0.33 �m
lm thickness). The injector temperature and the GC/MS interface
ere kept at 260 ◦C and 280 ◦C respectively. The helium carrier gas
ow rate was kept at 1 mL min−1.

All other measurements were performed with an autosampler
S3000, a Thermo Quest GC 2000 with a split/splitless injector and
oupled to a Thermo Finnigan Trace MS detector. For the gas chro-
atographic separation, an OPTIMA-210 Macherey-Nagel column
as used (30 m × 0.32 mm × 0.25 �m film thickness). The injector

emperature and the GC/MS interface temperature were both kept
t 250 ◦C. The helium carrier gas flow rate was kept at 1.9 mL min−1.

All temperature programs are given in Table 2.
When quantification of compounds was done, peak areas were
ormalized with the respective internal standard.
In all cases, the mass spectrometer was operated in the electron

onization mode (EI) at 70 eV. The retention times and the charac-
eristic fragments of the EI mass spectra were determined by total
on monitoring (SCAN). The most abundant ions and/or ions with-

a
g
S
m
W

70 C 10 C min 150 C 0.5 min
150 ◦C 5 ◦C min−1 280 ◦C 5 min

otal time 41.5 min

ut apparent cross-contribution and interferences were chosen as
arget ions for the quantification (SIM mode).

.4. Application to selected matrices

In order to confirm that the findings obtained upon standard
olutions still fit when derivatizations are done on the same com-
ounds in environmental and biological matrices, urine samples
nd atmospheric aerosols containing OH-PAHs and methoxyphe-
ols respectively, were analyzed as described above after sample
reatment.

Two urine samples (one supplemented with standards and one
eft unchanged) collected from a volunteer (non-smoker) from the
aboratory staff were prepared according to a previously described

ethod [25]. Briefly, 3 mL were transferred into a 10 mL glass tube,
nd the pH was adjusted by adding 5 mL acetate buffer (0.1 M;
H 5.5) to reach optimal conditions for enzymatic deconjugation.
0 �L of deuterated 1-hydroxypyrene (1-OHPYR-d9) at 20 mg L−1

ere added as internal standard. For supplemented samples, 20 �L
f a solution containing the targeted OH-PAHs at 1 mg L−1 were
dded to the solution. Conjugates were hydrolyzed by adding 10 �L
-glucuronidase/arylsulfatase to the sample, followed by incuba-

ion (37 ◦C) for 17–18 h (overnight). Samples were vortexed and
xtracted with solid-phase extraction using Focus 60 mg cartridges.
he sample extract was supplemented with 20 �L toluene and the
olvents were evaporated to approximately 20 �L. Derivatization
as done as described above (Section 2.2.).

Atmospheric aerosols were collected in Strasbourg (France)

t the Botanical Institute of Strasbourg University at 25 m above
round level using a high-volume air sampler (Digitel, Hegnau,
witzerland). In accordance with previous studies [26] particulate
atter (PM10) sample was collected onto quartz fiber filter (QM-A,
hatman, Florham Park, NJ, USA). After sampling, the filter was
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Fig. 1. Transition states of hydroxyfluorene-isomeres derivati

tored at −18 ◦C until analyses and extracted, concentrated and
erivatized as previously described [14,24].

. Results and discussion

.1. Optimization of the derivatization conditions of OH-PAHs
ith MTBSTFA and BSTFA

Derivatization conditions of all compounds except OH-PAHs
ave been previously tested for both reagents [24], and it was found
hat neither time nor temperature have a great influence on the
nalytical responses. It was not known if OH-PAHs show similar
ehavior towards MTBSTFA and BSTFA, so this was checked in the
resent work.

The derivatization conditions mainly depend on reaction tem-
erature and time. These two parameters were studied separately
or each compound and with both reagents. Derivatizations were
erformed as described in Section 2.2. Analytical responses were
ormalized towards the analytical response of benzo(a)pyrene, as

t is not affected by derivatization.
Influence of reaction time was tested at both 60 ◦C and 80 ◦C for

ach 10, 20, 30, 40, 50 and 60 min, and with both derivatization
eagents.

It was found that both temperature and time only have lim-
ted effects on the analytical responses. However, slight differences

ere observed, and it was concluded that derivatization of OH-
AHs should be performed at a reaction temperature of 60 ◦C, and
eaction time should be 20 min when MTBSTFA is used and 40 min
hen BSTFA is used.

.2. Chromatographic separation and analytical responses

OH-PAHs were generally separated using standard non-
olar capillary columns [27,28]. The ULTRA-2 column also

roduced very good separations of all OH-PAHs, except for 1-
ydroxyphenanthrene and 3-hydroxyphenanthrene when deriva-
ization was performed with BSTFA. This problem was also reported
or derivatization performed with MSTFA [28]. So, only when
erivatization is performed with MTBSTFA, a perfect resolution

t
d
s
h

ith MTBSTFA and 9-hydroxyfluorene derivatized with BSTFA.

f the studied hydroxylated phenanthrenes can be achieved. It
as also observed that 9-hydroxyfluorene produces quite a weak

esponse in comparison with its isomer 2-hydroxyfluorene for
erivatization performed with MTBSTFA, although derivatization
ith BSTFA produces responses of similar intensity for both iso-
ers. This might be explained by steric hindrance: As silylation

s a bimolecular nucleophilic substitution (SN2) [6], the nucle-
phile (hydroxyfluorene) attacks the silicon of the derivatization
eagent (MTBSTFA or BSTFA) at 180◦ to the leaving group, since
his provides the best overlap between the nucleophile’s lone pair
nd the Si–O �* antibonding orbital. Both compounds form a
ransition state before the leaving group is ejected the opposite
ide and the final product is formed [29]. In this kind of reac-
ions, steric hindrance sometimes is a problem, as an important
mount of space is needed to form the transition state (Fig. 1).
r, due to the sp-carbon in the alpha-position, silicon in MTBSTFA

s less accessible than in BSTFA, and reaction yields of MTB-
TFA with the also hindered hydroxyl group of 9-hydroxyfluorene
re lower than with BSTFA. Derivatization reactions of all other
tudied OH-PAHs, including 2-hydroxyfluorene, with MTBSTFA are
ot concerned by this problem as their hydroxyl-bonded carbon

s sp2-hybridised and less hindered. Steric hindrance was also
bserved to be a problem for derivatizations of sugars and sterols.
o signal could be observed for all sugars when derivatization
as performed with MTBSTFA. In opposition, analyzed sterols
ere detected but a loss of sensitivity of about a factor four was

bserved for derivatizations performed with MTBSTFA compared
o derivatizations performed with BSTFA. This loss of sensitivity

ay occur due to the low accessibility of the hydroxyl group of
terols, as described above for 9-hydroxyfluorene. So, for these
wo families, derivatization with BSTFA should be preferred in
erms of analytical responses. However, even when derivatization
f sterols is performed with BSTFA, analytical responses remain
ather small.
In terms of analytical responses, it was found that those of
bdms-derivatives generally are slightly higher than those of tms-
erivates. For example, glutaric acid, adipic acid and suberic acid
how MTBSTFA/BSTFA ratios of 1.6, 1.8 and 1.3 respectively, and 1-
ydroxynaphthalene, 2-hydroxynaphthalene, 2-hydroxyfluorene
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Table 3
Fragmentation pattern obtained for MTBSTFA and BSTFA..

m/z Fragmentation Observed for

MTBSTFA
[M]+ Molecular ion OH-PAHs except 9-OHFLU; nitrophenols with

no substitutions on the ortho-position
[M−57]+ Cleavage of the t-butyl moiety (-C(CH3)3) All compounds except sugars, sterols, some DA

(glutaric, adipic, suberic, and azelaric acid).
[M−131]+ Cleavage of the t-butyl-dimethyl silyl moiety

including the phenolic oxygen
(OSi(CH2)C(CH3)3)

9-OHFLU, cresols, methoxyphenols containing
a COOH function or a second OH-function

[M−73]+ Cleavage of a t-butylsilyl fragment and a
molecular oxygen or cyclization involving the
silyl group

Nitrophenols, methoxyphenols containing an
aldehyde function and for some OH-PAHs (see
cyclization in paragraphe 3.3.1)

[M−15]+ Cleavage of a methyl from the molecular ion Glutaric, adipic, suberic, and azelaric acid
[M−118]+ [M−103]+ [M−133]+ [M−118]+ results from the cleavage of NO2 and

CH3 of the fragment [M−57]+, [M−103]+ from
the cleavage of the neutral fragment NO2 an
the major fragment [M-C(CH3)3]+ and
[M−133]+ results from the successive cleavage
of NO2 and NO of the major fragment [M−57]+.

Nitrophenols

[M−101]+ Mac Lafferty rearrangement causing the
cleavage of (HSi(CH3)2-C(CH3)2), [M−72]+ from
the cleavage of CH3 from the ketone function of
the fragment [M−57]+

Methoxyphenols containing an acetone
function or containing no other function than
methoxy

BSTFA
[M]+ Molecular ion All compounds
[M−89]+ Cleavage of the trimethylsilyl ether moiety

(OSi(CH3)3)
9-Hydroxyfluorene; sterols

[M−104]+ Cleavage of the trimethylsilyl ether moiety plus
one methyl group

Serols

[M−31]+ The cleavage of the trimethylsilyl ether moiety
ving t
raphe

Some OH-PAHs (1-OHNAPH, 1-OHPHEN,

e mol
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followed by cyclization invol
group. (see cyclization-parag

[M−15]+ Cleavage of a methyl from th

nd 6-hydroxychrysene show MTBSTFA/BSTFA ratios of 1.8, 1.5, 1.4
nd 1.8 respectively.

.3. Derivatization and mass spectral characteristics of
erivatized compounds

During the silylation reaction, all the hydroxyl groups are con-
erted into their corresponding trimethylsilyl (tms) ethers (for
erivatizations with BSTFA) or t-butyldimethylsilyl (tbdms) ethers
for derivatizations with MTBSTFA) via an SN2 substitution reaction,
ielding a single derivative for each compound [6,9]. Deriva-
ized standards were analyzed by electron impact (EI) in the full
can mode in order to obtain the fragmentation pattern of each
ompound. Both derivatization reactions produce different frag-
entation pattern (Table 3). Examples of mass spectrograms are

iven in Fig. 2 (MTBSTFA) and Fig. 3 (BSTFA).
For derivatization with MTBSTFA, [M]+, [M−57]+ and [M−131]+

ere the most abundant fragments all over the different chemi-
al groups of OH-PAHs, methoxyphenols and nitrophenols. Each of
hese groups also presented some other characteristic fragments for
he analyzed compounds, what makes identification very reliable.
or these three groups, relative abundances of the fragments are
ery high, especially for [M−57]+ what generates good detection
imits. For these groups, MTBSTFA-derivatization produces very
ood results.

For dicarboxylic acids, important fragments were observed at
/z = 73, 75, 147 and 189, but these are not characteristic for the
nalyzed compound and cannot be used for quantification. Dicar-
oxylic acids only showed one characteristic fragment ([M−15]+ or
M−57]+), so identification of peaks is limited, but relative abun-
ances are still high so good detection limits can be achieved with
he observed fragment.

M
C
t
c
c

he silyl
)

4-OHPHEN, 9-OHPHEN, 1-OHPYR and
6-OHCHRYS)

ecular ion OH-PAHs, methoxyphenols, nitrophenols and
sterols

Sterols and sugars could not be derivatized with MTBSTFA.
Mass spectrograms of sugars derivatized with BSTFA showed

hat derivatized products are quite unstable and produce a lot of
ragments. This makes interpretation of mass spectrograms quite
ifficult. However, fragments with m/z = 204, 217 and 191 (for
onosaccharides), 204, 217 and 333 (for anhydrosaccharides), 217,

19, 307 and 205 and 204, 361, 191 and 417 (for disaccharides) allow
uantification of sugars in SIM mode (Fig. 3).

The same phenomenon of unstable derivatives and strong
ragmentation was also observed for dicarboxylic acids. A lot of
on-characteristic fragments were observed in low m/z ranges, but
nfortunately no characteristic fragments could be identified for
icarboxylic acids. So BSTFA is not suitable for derivatization of
hese compounds.

Results show that for compounds with small molecular mass
ike methoxyphenols, nitrophenols and OH-PAHs with a maximum
f three rings, derivatization can be performed with both reagents.
or compounds with high molecular mass like OH-PAHs with more
han three rings, MTBSTFA should be preferred as fragmentation
attern become more specific for the analyzed compounds, unless
he derivatized compound has sterically hindered sites. In this case,
STFA should be preferred because steric hindrance lowers ana-

ytical responses of MTBSTFA derivatized compounds or inhibits
erivatization.

.3.1. Cylization
Some spectrograms showed the fragment [M−73]+ (for
TBSTFA-derivatizations) or [M−31]+ (for BSTFA-derivatizations).
alculations indicate that these fragments could result from
he cleavage of the t-butyl moiety and one hydrogen (mass
ount = 73) respectively two methyl groups and one hydrogen (mass
ount = 31). A similar fragmentation pattern was observed before
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Fig. 2. EI full SCAN mass spectra of some MTBSTFA-d

y Gmeiner et al. [29] and Jacob et al. [30] for silylated hydrox-
phenanthrenes and hydroxyfluorenes, and the authors supposed
yclization involving the silyl group and generating a five-atom-
ing respective a six-atom-ring, but unfortunately this was not
emonstrated.

If cyclization occurs, the hydrogen mentioned above must
e cleaved from the aromatic part of the molecule, and not
rom the silyl group. So, 1-hydroxypyrene-d9, where all hydro-
ens on the aromatic rings have been replaced by deuteriums,
as derivatized with both MTBSTFA and BSTFA and analyzed

Figs. 4 and 5). The expected fragments [M]+ and [M−57]+
for MTBSTFA-derivatization) or [M]+ and [M−15]+ (for BSTFA-
erivatization) were identified on the spectrograms, however
hange occurred for the fragments [M−73]+ (became [M−74]+) and
M−31]+ (became [M−32]+). So, the hydrogen must be cleaved from
he aromatic part, as 1-hydroxypyrene-d9 released a deuterium,

3

m
f

tized compounds with the corresponding structure.

nd a cyclization involving the silyl group and resulting in a five-
tom-ring took place, as shown in Fig. 4.

Interestingly, cyclization only happened for
-hydroxynaphthalene, 1-hydroxyphenanthrene, 4-
ydroxyphenanthrene, 9-hydroxyphenanthrene, 1-hydroxypyrene
nd 6-hydroxychrysene, so for all compounds having another
romatic ring in the alpha position of the carbon carrying the
ydroxyl-group. This suggests that cyclization should also be
ossible for silylated sterols, however this was not observed.

.4. Application to selected matrices
.4.1. OH-PAHs in urine
The comparison of chromatograms obtained from supple-

ented sample analyses (Fig. 6-2A and 6-2B) with those obtained
or standard solutions (Fig. 6-1A and 6-1B) demonstrates that sepa-
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Fig. 3. EI full SCAN mass spectra of some BSTFA-de

ation and fragmentation pattern were not affected by matrix effect.
n the non-supplemented urine sample derivatized with MTBSTFA
Fig. 6-3A), only 1-OHNAPH, 2-OHNAPH, 1-OHPHEN, 2-OHPHEN
nd 3-OHPHEN were detected, while in the sample derivatized with
STFA (Fig. 6-3B), also 9-OHFLU was found. This is due to the very

ow analytical response produced by 9-OHFLU when derivatization
s performed with MTBSTFA (see Section 3.2.), and that is too low
o be distinguished from the background noise.

1-OHPHEN and 3-OHPHEN were clearly identified when deriva-

ization was performed with MTBSTFA, while they were not
eparated when derivatization was performed with BSTFA. With
he latter it is not possible to know that two isomers were present or
ust one of them, as fragmentation pattern are identical and relative
bundances of the selected masses very similar.

d
a

w
s

ed compounds with the corresponding structure.

Even though 9-OHFLU will not be detected in urine samples due
o high detection limits, MTBSTFA should be preferred in these anal-
ses as it provides better separations for the other metabolites and
igher analytical responses resulting in lower detection limits what

mproves the quality of the analytical method.

.4.2. Methoxyphenols in atmospheric aerosols
The comparison of chromatograms obtained from sample anal-

ses with those obtained for standard solutions (Fig. 6-4A and 6-4B)

emonstrates that separation and fragmentation pattern were not
ffected by matrix effect.

In the non-supplemented atmospheric aerosols derivatized
ith MTBSTFA (Fig. 6-5A), 4-hydroxybenzaldehyde, vanillin,

yringaldehyde, 3,5-dimethoxy-4-hydroxyacetophenone, vanillic
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Fig. 4. Cyclization of silylated 1-hydroxypyrene.

Fig. 5. Mass spectrograms of 1-OHPYR and 1-OHPYR-d9 derivatized with MTBSTFA resp. BSTFA, with the cyclic fragments [M−73]+ and [M−74]+ resp. [M−31]+ and [M−32]+.



C. Schummer et al. / Talanta 77 (2009) 1473–1482 1481

Fig. 6. Chromatograms of OH-PAHs (1–3) and methoxyphenols (4 and 5) derivatized with MTBSTFA (A) and BSTFA (B) from standard solutions (1 and 4), supplemented urine
extract (2), non-supplemented urine extract (3) and non-supplemented atmospheric aerosols extract (5). OH-PAHs: (1) 1-hydroxynaphthalene, (2) 2-hydroxynaphthalene,
( ydrox
h ypyre
4 ydrox

a
s
h
c

w
d
p
i
t
i
w

i

a
a

4

t
w
a

3) 9-hydroxyfluorene, (4) 2-hydroxyfluorene, (5) 4-hydroxyphenanthrene, (6) 9-h
ydroxyphenanthrene, (10) 1-hydroxypyrene-d9 (internal standard), (11) 1-hydrox
-hydroxybenzaldehyde, (15) vanillin, (16) syringaldehyde, (17) 3,5-dimethoxy-4-h

cid, syringic acid and coumaric acid were detected, while in the
ample derivatized with BSTFA (Fig. 6-5B), only vanillin, syringalde-
yde, syringic acid and 3,5-dimethoxy-4-hydroxyacetophenone
ould be identified.

The analytical responses of the detected compounds derivatized
ith MTBSTFA are better than the responses of the compounds
erivatized with BSTFA. This is due to the fact that tms-derivates
roduce much more fragments than tbdms-derivates, what results

n lower analytical responses in SIM mode and thus in higher detec-

ion limits. This also explains why only four methoxyphenols were
dentified on the chromatogram resulting from the derivatization

ith BSTFA.
MTBSTFA should be preferred for analyses of methoxyphenols

n atmospheric aerosols as it provides better analytical responses

p
d
p
a

yphenanthrene, (7) 3-hydroxyphenanthrene, (8) 1-hydroxyphenanthrene, (9) 2-
ne, (12) 2-benzo(c)phenanthrene, (13) 6-hydroxychrysene. Methoxyphenols: (14)
yacetophenone, (18) vanillic acid, (19) syringic acid, (20) coumaric acid.

nd thus lower detection limits what improves the quality of the
nalytical method.

. Conclusions

Analyses of tertiobutyldimethylsylil-derivates (tbdms) and
rimethylsilyl-derivates (tms) of six groups of polar compounds
ere compared in this study to conclude about the use of MTBSTFA

nd BSTFA as a derivatization reagent prior to GC/MS analyses.

It was found that the molecular mass of the analyzed com-

ounds plays a major role in derivatizations: small compounds
o not show important differences in specificity of fragmentation
attern whereas big molecules as four-ring OH-PAHs, dicarboxylic
cids or sterols only produce characteristic fragmentation pattern
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hen derivatization is performed with MTBSTFA. However, rather
han BSTFA-derivatization, MTBSTFA-derivatization is not always
ossible, especially when the target compound presents sterically
indered sites. In this case, analytical responses decrease dramati-
ally (e.g. 9-hydroxyfluorene, sugars), resulting in higher detection
imits and loss of sensitivity.

In terms of chromatographic responses, it was found that sep-
ration of isomers (e.g. hydroxyphenanthrenes) is more easily
hen derivatization is performed with MTBSTFA, and analytical

esponses of non sterically hindered tbdms-derivatized molecules
enerally are higher. This was confirmed through authentic appli-
ations on urine samples and atmospheric aerosols.

The results suggest that, if the choice of the derivatization
eagent is not imposed by the structure of the target compound,
TBSTFA should be preferred due to generally higher analytical

esponses.
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a b s t r a c t

In order to quickly confirm a potentially hazardous psychoactive designer drug (a compound in which part
of the molecular structure of a stimulant or narcotic has been modified), we created a psychoactive drugs
data library by performing analysis using liquid chromatography with photodiode array spectrophotome-
try (LC/PDA) and gas chromatography–mass spectrometry (GC/MS). The data in this library consist of the
LC capacity factor (k′) ratios in relation to the internal standard, the ultraviolet (UV) spectra and the MS
spectra of 104 compounds. By performing a comparative study of the data in this report with the analytical
data for commercial and illegal drug products, it is possible to quickly identify the psychoactive designer
drugs in 205 purchased products by using the library. Further, it is possible to analogize the structure of
drugs for which there is no matching data in the library using similar data.

Furthermore, when structural isomers of controlled substances have detected from the presented

C/MS
sychoactive designer drug

library, similarity of their biological effects on human will be predicted, thus leading to regulate
their public circulation. Examples of these types of isomers include, for instance, the narcotic 3,4,5-
trimethoxyamphetamine (TMA) and its positional isomers 2,4,5-trimethoxyamphetamine (TMA-2) and
2,4,6-trimethoxyamphetamine (TMA-6), or the narcotic 1-(3-chlorophenyl)piperazine (3CPP) and its iso-
mers 1-(o-chlorophenyl)piperazine (2CPP) and 1-(p-chlorophenyl)piperazine (4CPP). Differentiation of
these compounds is necessary in regulating them, and we report here the results of a study of a method
to confirm these compounds using the present library.
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. Introduction

In recent years, the popularity of synthetic drugs, sometimes
eferred to as psychoactive designer or rave drugs, has been increas-
ng among young people. This is due to their reputation as being
afe, having stimulating and hallucinogenic effects, and also caus-
ng unusual perceptions and experiences after ingestion. These
ynthetic drugs can be easily obtained on the street or on the
nternet. Among the drugs commonly seen in cases of drug abuse,

here have emerged drugs for which the sale or possession of
hese materials is regulated by the “Stimulant Drugs Control Act”,
he “Narcotic and Psychotropic Drug Control Law”, the “Poisonous
nd Deleterious Substances Control Law” and the “Pharmaceutical
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ffairs Law”, in Japan. And some compounds referred to as psy-
hoactive designer drugs that may show similar efficacy to other
ontrolled substances but which are only implicitly regulated. As
hown in Fig. 1, these psychoactive designer drugs have I, II and III
asic skeletons. Type I structure is phenylethylamine (PEA)-related
ompounds with structural similarities to both amphetamine and
he psychedelic PEA, mescaline. Type II structure is tryptamines
T)-related compounds with structural similarities to hallucino-
enic psilocin. Type III structure is phenylpiperazine (PP)-related
ompounds with structural similarities to stimulus effects 1-
3-trifluoromethylphenyl)piperazine (TFMPP). But the types of

orphine/heroin-like narcotics are excluded in this study.

In order to prevent damage resulting from drug abuse, it is nec-

ssary to analyze the active ingredients, publicize the risks of these
ompounds, and, if illegal, to quickly act to regulate them. For that,
he library required for the screening of these compounds, while
here were a few of data for gas chromatography–mass spectrom-
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ig. 1. Structures of basic skeletons. I: phenylethylamine; II: tryptamine; III:
henylpiperazine.

try (GC/MS) [1–6], liquid chromatography–mass spectrometry
LC/MS) [7,8], there was little data on psychoactive designer drugs.
lso, there were few library systems for the liquid chromatog-
aphy with photodiode array spectrophotometry (LC/PDA) [9,10].
urthermore, it is difficult to obtain reference products for these
rugs. Therefore, for those drugs for which it is not possible to
btain reference standards, the compounds are synthesized or com-
ercial products are separated and purified, and the compounds

or which a structural determination is made using high mass
pectrometry (HR/MS) and nuclear magnetic resonance (NMR)
pectra measurements are used as the reference standards. As
hown in Fig. 1, 104 types of psychoactive designer drugs are
nalyzed (the chemical names and abbreviations are shown in
ables 1–3), where these drugs have I, II and III basic skeletons.
here are 51 types of PEA compounds with a type I structure, where
hese have a PEA skeleton such as 3,4,5-trimethoxyamphetamine
TMA), 2,5-dimethoxy-4-ethylthiophenethylamine (2C-T-2), 2,5-
imethoxy-4-propylthiophenethylamine (2C-T-7), and 4-bromo-
,5-dimethoxyphenethylamine (2C-B). There are 32 types of T
ompounds with a type II structure, where these have a T skeleton
uch as bis(methylethyl)[2-(5-methoxyindol-3-yl)ethyl]amine (5-
eO-DIPT) and 1-indol-3-ylprop-2-ylamine (AMT) [11], and there

re 21 types of PP compounds with a type III structure, where these
ave a piperazine skeleton such as 1-(3-chlorophenyl)piperazine
3CPP), 1-(4-methoxyphenyl)piperazine (4MPP) and TFMPP. These
re tested using LC/PDA and GC/electron ionization (EI)/MS, and
library is created based on the analysis data obtained. The data

egistered into the library consisted of the capacity factor (k′) ratio
f each drug with the internal standard (IS), the ultraviolet (UV)
pectrum and the MS data. It is possible to quickly confirm the
sychoactive designer drugs from the results of screening of 205
urchased products containing psychoactive designer drugs [12]
sing the library. Also, we have studied whether or not it is possible
o differentiate positional isomers using this library.

. Experimental

.1. Apparatus

The HPLC apparatus consisted of a JASCO Model 880-PU pump
Japan Spectroscopic, Tokyo, Japan), a Rheodyne injector Model
125 equipped with a 100-�L loop (Rheodyne, Berkeley, CA, USA), a
ASCO Model 860-CO column oven, a JASCO Model 821-PDA photo
iode array detector (PDA). Data were collected using the JASCO
hromNAV software. The HPLC-I system: column used was a L-

olumn ODS, 4.6 i.d. × 150 mm, 5 �m (CERI, Saitama, Japan) or a
ymmetryShield RP18, 4.6 i.d. × 150 mm, 5 �m, (Waters, MA, USA).
he gradient system was used with a mobile phase A (10 mM/L
odium dodecyl sulfate (SDS) in acetonitrile/water/phosphoric

s

o
s
c

77 (2009) 1245–1272

cid (300:700:1)) and mobile phase B (10 mM/L SDS in acetoni-
rile/water/phosphoric acid (700:300:1)), the SDS was dissolved
n the water before mixing with other solvents. The gradient
rogram was utilized with an initial for 10 min held 75:25 A/B.
his was followed by a 20-min ramp from 75:25 A/B to 90:10
/B. This was held for 5 min. The flow rate was 1.0 mL/min;

he HPLC-II system: column used was an Atlantis-dC18 ODS, 4.6
.d. × 150 mm, 5 �m, (Waters, MA, USA). The gradient system was
sed with a mobile phase A (acetonitrile) and mobile phase B
5 mM/L heptafluorobutyric acid (PFFA-4) water solution)). A:B
8:82 (0 min)–18:82 (10 min)–28:72(15 min)–30:70 (25 min). The
ow rate was 1.0 mL/min; LC/PDA conditions: column temp was
0 ◦C; for the detection system of PDA, 199–360 nm. The injection
olume was 10 �L.

The GC/MS system used was an Agilent N3520 (Agilent. Tech-
ologies Japan Ltd., Tokyo, Japan). GC conditions: DB-5MS capillary
olumn (30 m × 0.25 mm i.d., 0.25 �m film thickness, Agilent Tech-
ologies, USA). Carrier gas, helium; flow-rate, 1.1 mL/min; oven
emperature from 100 ◦C (5 min) to 290 ◦C at 10 ◦C/min, 20 min
sotherm; injector temperature, 250 ◦C; splitless; transfer line,
90 ◦C; MS conditions; electron impact ionization, full scan at m/z
0–350, electron energy was 70 eV, ion source temperature was
00 ◦C; the injection volume was 1 �L; data were collected using
he Agilent Technologies ChemStation software.

.2. Chemicals and reagents

Phosphoric acid, SDS, chloroform, acetonitrile and methanol (all
f analytical grade) were purchased from Wako (Osaka, Japan).
FFA-4 was purchased from Tokyo Kasei (Tokyo, Japan). Water
as purified using a Milli-Q water purification unit (Nihon Mil-

ipore, Tokyo, Japan). The origins of other reagents were shown
n Tables 1–3. The compounds which were shown “Synthesis”
n Tables 1–3 were synthesized. The procedures for their syn-
hesis have been described previously by the published books
itled TiHKAL and PiHKAL, respectively [13,14]. And the compounds
hich were shown “Extraction” in Tables 1–3 were separated and

iven clean-up from “purchased products” on the market. These
ynthesized compounds and purified compounds were identified
y LC/TOF/MS, GC/MS and NMR [15,16].

Methods of separation and clean-up: each of these purchased
roducts was dissolved in 20 mM/L hydrochloric acid. Extractions
ere then performed with chloroform from the ammonia alka-

ine solutions and the chloroform layer was filtered. The filtrate
as evaporated to remove the solvent, purified and then used for

nalysis.
Test solutions: these were prepared according to the General

ests and General Notices of the Japanese Pharmacopoeia [17].

.3. Preparation of sample solutions

.3.1. Products
Powdered samples of the products, contents of capsules and

ablets were extracted with the respective solvent by ultrasoni-
ation for 10 min. LC/PDA: approximately 10.0 mg of each sample
as dissolved in 20 mM/L hydrochloric acid/methanol (1:1). Sub-

equently, 1.0 mL of each solution was diluted with methanol to the
otal volume of 10.0 mL. The solution was then filtered with a 0.45-
m membrane filter for the analytical use. GC/MS: approximately
0.0 mg of each sample was dissolved in 10 mL of methanol. The

olution was diluted ten times with methanol.

As described below, test solutions were prepared by the use
f synthetic and commercial powdered samples and 0.1 mL of the
amples was distilled to prepare sample solutions for the commer-
ial liquid products.
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Table 1
Data of phenylethylamines

No. Chemical name
(abbreviated name)

Formula:
molecular weight

Origin HPLC-I (k′)a HPLC-I k′/k′(IS) HPLC-II k′) HPLC k′/k′(IS) GC (tR, min) EI-MS (m/z, % Structures

1 4-(2-Aminoethyl)phenol
(Tyramine)

C8H11NO: 137 TCI (Tokyo, Japan) 3.72 0.36 0.91 0.32 12.18 137 (M+, 14), 108
(100), 77 (23), 30
(69)

2 3-Methoxy-tyramine (3-MT) C9H13NO2: 167 Sigma–Aldrich (St.
Louis, MO, USA)

4.00 0.39 0.76 0.27 13.95 167 (M+, 11), 138
(100), 123 (20), 58
(21), 30 (41)

3 N,N-Dimethylaminotyramine
(Hordenine)

C10H15N1O1: 165 TCI (Tokyo, Japan) 4.54 0.44 1.35 0.48 12.70 165 (M+, 1), 107 (3),
77 (5), 58 (100), 42
(5)

4 p-Hydroxy-methamphetamine
(4HO-MA)

C10H15NO: 165 Extractionb 5.16 0.50 1.41 0.50 11.23 150 (1), 107 (7),
77(6), 58 (100),
30(4)

5 p-Methoxyphen ethylamine (PMP) C9H13NO: 151 Sigma–Aldrich (St.
Louis, MO, USA)

5.49 0.53 2.19 0.78 10.91 151 (M+, 5), 122
(100), 77 (12), 30
(26)

6 2-(4-(2-Aminoethyl)-2,5-
dimethoxy phenylthio)ethanol
(2C-T-2-OH)

C12H19NO3S: 257 Extraction 5.78 0.56 14.39 5.10 18.57 257 (M+, 25), 228
(100), 183 (30), 153
(47), 30 (36)
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Table 1 (Continued )

No. Chemical name
(abbreviated name)

Formula:
molecular weight

Origin HPLC-I (k′)a HPLC-I k′/k′(IS) HPLC-II k′) HPLC k′/k′(IS) GC (tR, min) EI-MS (m/z, % Structures

7 2-(3,4-
Dimethoxyphenyl)ethylamine
(DMPEA)

C10H15NO2: 181 TCI (Tokyo, Japan) 6.09 0.59 1.96 0.70 13.89 181 (M+, 12), 152
(100), 137 (22), 107
(12), 30 (17)

8 2-(3,4-Dimethoxyphenyl)-N-
methylethylamine
(N-Me-DMPEA)

C11H17NO2: 195 TCI (Tokyo, Japan) 7.08 0.69 2.36 0.84 14.38 195 (M+, 1), 152
(100), 137 (9), 44
(93)

9 2-Aminopropiophenone
(Cathinone)

C9H11NO: 149 Synthesis 7.56 0.74 2.05 0.73 10.56 134 (1), 105 (9), 77
(20), 51 (12), 44
(100)

10 2-Methylamino-1-(3,4-methylene
dioxyphenyl)propan-1-one
(Mlone)

C11H13NO3: 207 Extraction 8.01 0.78 3.66 1.30 15.63 207 (M+, 1), 149
(7), 58 (100)

11 2-(Methylamino)-1-phenylpropan-
1-one
(Methcathinone)

C10H12NO: 162 Extraction 8.68 0.85 2.56 0.91 11.06 105 (4), 77 (101),
58 (100), 30 (7)
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12 3,4,5-Trimethoxyamphetamine
(TMA)

C12H19NO3: 225 Extraction 8.91 0.87 3.38 1.20 15.76 225 (M+, 1), 182
(91), 167 (25), 44
(100)

13 2-Phenylethylamine (PEA) C8H11N: 121 Wako (Osaka,
Japan)

9.12 0.89 2.11 0.75 7.63 121 (M+, 7), 91 (32),
77(4), 30 (100)

14 2,4,5-Trimethoxyamphetamine
(TMA-2)

C12H19NO3: 225 Extraction 9.13 0.89 3.93 1.39 15.89 225 (M+, 2), 182
(100), 167 (33), 151
(12), 44 (54)

15 2-Dimethylamino-1-
phenylpropan-1-one
(Dimethylcathinone)

C11H15NO: 177 Extraction 9.20 0.90 3.13 1.11 11.59 177 (M+, 1), 77 (8),
72 (100), 56 (4), 44
(4), 42 (5)

16 2-Ethylamino-1-(3,4-
methylenedioxyphenyl)propan-
1-one
(bk-MDEA)

C12H15NO3: 221 Extraction 9.78 0.95 3.85 1.37 16.01 149 (11), 121 (10),
72 (100), 65 (13),
44 (28)
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Table 1 (Continued )

No. Chemical name
(abbreviated name)

Formula:
molecular weight

Origin HPLC-I (k′)a HPLC-I k′/k′(IS) HPLC-II k′) HPLC k′/k′(IS) GC (tR, min) EI-MS (m/z, % Structures

17 2,5-Dimethoxyphenethylamine
(2C-H)c

C10H15NO2: 181 Sigma–Aldrich (St.
Louis, MO, USA)

10.27 1.00 2.82 1.00 13.79 181 (M+, 21), 152
(100), 137 (50), 121
(15), 30 (21)

18 2-Ethylamino-1-phenyl-propan-1-
one
(Ethcathinone)

C11H15NO: 177 Sigma-Aldrich (St.
Louis, MO, USA)

10.52 1.02 3.20 1.13 11.80 176 (1), 105 (6), 77
(13), 72 (100), 44
(29)

19 2-Methylamino-1-(3,4-
methylenedioxy
phenyl)butan-1-one (bk-MBDB)

C12H15NO3: 221 Extraction 10.70 1.04 4.50 1.60 16.11 149 (11), 121 (10),
72 (100), 65 (11),
42 (8)

20 N-Methyl-3,4-methylenedioxy-
amphetamine
(MDMA)

C11H15NO2: 193 Extraction 11.25 1.10 4.28 1.52 13.56 193 (M+, 1), 178 (1),
135 (8), 77 (7), 58
(100)

21 1-(6-Methoxy-2H-benzo[d]1,3-
dioxolan-5-yl)prop-2-ylamine
(MMDA-2)

C11H15NO3: 209 Extraction 11.53 1.12 5.00 1.77 15.22 209 (M+, 3), 167
(10), 166 (100), 165
(14), 151 (28)
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22 1-Phenylprop-2-ylamine,
Amphetamine (AM)

C9H13N: 135 Extraction 11.65 1.13 3.05 1.08 8.03 134 (1), 120 (44),
91 (17), 65 (80), 44
(100)

23 1-(2-Fluorophenyl)prop-2-ylamine
(2FMP)

C9H12FN: 153 Synthesis 11.69 1.14 3.36 1.19 8.11 152 (2), 109 (30),
44 (100)

24 2,5-Dimethoxy-4-
nitrolphenethylamine
(2C-N)

C10H14N2O4: 226 Extraction 12.49 1.22 5.08 1.80 18.35 226 (M+, 53), 197
(100), 180 (19), 167
(31), 30 (51)

25 2-Amino-1-(3,4-methylenedioxy
phenyl)butane (BDB)

C11H15NO2: 193 Extraction 13.25 1.29 5.11 1.81 14.22 193 (M+, 3), 136
(18), 82 (9), 77 (11),
58 (100)

26 Methyl(1-methyl-2-
phenylethyl)amine,
Methamphetamine (MA)

C1OH15N: 149 Extraction 13.27 1.29 3.90 1.38 8.87 148 (1), 134 (4), 91
(12), 65 (5), 58
(100), 30 (4)

27 [2-(4-Methoxyphenyl)-
isopropyl]methylamine
(PMMA)

C11H17NO: 179 Extraction 13.33 1.30 1.91 0.68 12.37 179 (M+, 1), 164 (1),
121 (9), 78 (5), 58
(100)
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No. Chemical name
(abbreviated name)

Formula:
molecular weight

Origin HPLC-I (k′)a HPLC-I k′/k′(IS) HPLC-II k′) HPLC k′/k′(IS) GC (tR, min) EI-MS (m/z, % Structures

28 1-(3-Fluorophenyl)prop-2-ylamine
(3FMP)

C9H12FN: 153 Synthesis 13.47 1.31 3.90 1.38 8.09 152 (2), 109 (30),
44 (100)

29 4-Fluoro-N-hydroxyamphetamine
(N-HO-4FMP)

C9H12FNO: 169 Extraction 13.59 1.32 3.83 1.36 8.39 152 (2), 109 (30),
44 (100)

30 1-(4-Fluorophenyl)prop-2-
ylamine,
4-Fluoromethamphetamine
(4FMP)

C9H12FN: 153 Synthesis 13.79 1.34 3.97 1.41 8.10 152 (2), 109 (30),
44 (100)

31 4-(2H-Benzo[d]1,3-dioxolan-5-yl)-
3-methylbutan-2-ol
(FLEA)

C11H15NO3: 209 Extraction 14.17 1.38 6.34 2.25 13.52 193 (1), 135 (7), 77
(6), 58 (100),

32 N-Methyl-1-(1,3-benzodioxol-5-
yl)-2-butanamine
(MBDB)

C12H17NO2: 207 Extraction 14.75 1.44 6.26 2.22 14.65 206 (1), 178 (4),
135 (8), 72 (100)

33 (3-(2H-Benzo[d]
1,3-dioxolan-5-yl)-1-
methylpropyl)methylamine
(HMDMA)

C12H17NO2: 207 Synthesis 14.88 1.45 6.93 2.46 14.93 207 (M+, 13), 176
(8), 135 (31), 77
(10), 58 (100)
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34 [2-(4-Fluorophenyl)-
isopropyl]methylamine
(N-Me-4FMP)

C1OH14FN: 167 Extraction 15.17 1.48 4.31 1.53 9.09 166 (1), 109 (16), 83
(6), 58 (100), 30 (5)

35 1-(4-Fluorophenyl)-2-methyl-2-
propylamine
(4F-Phentermine)

C1OH14FN: 167 Alfa Aesar (Lancs,
USA)

15.76 1.54 4.76 1.69 8.76 152 (11), 109 (20),
83 (79), 58 (100),
42(7)

36 2-Ethylamino-1-(4-
methoxyphenyl)propane
(PMEA)

C12H19NO: 193 TCI (Tokyo, Japan) 15.83 1.54 5.78 2.05 12.97 192 (1),178 (1), 121
(9), 72 (100), 44
(13)

37 2,4,6-Trimethoxyamphetamine
(TMA-6)

C12H19NO3: 225 Extraction 16.52 1.61 9.41 3.34 16.28 224 (1), 182 (100),
136 (10), 121 (13),
44 (22)

38 4-Chloro-2,5-
dimethoxyphenethylamine
(2C-C)

C10H14ClNO2: 215 Extraction 16.93 1.65 1.02 0.36 15.87 215 (M+, 15), 186
(100), 171 (36)
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No. Chemical name
(abbreviated name)

Formula:
molecular weight

Origin HPLC-I (k′)a HPLC-I k′/k′(IS) HPLC-II k′) HPLC k′/k′(IS) GC (tR, min) EI-MS (m/z, % Structures

39 1-(2H-Benzo[d]1,3-dioxolan-5-yl)-
2-pyrrolidinylpentan-1-one
(MDPV)

C16H21NO3: 275 Extraction 17.77 1.73 12.41 4.40 20.06 274 (1), 149 (3),
126 (100), 103 (1),
96 (2)

40 4-Bromo-2,5-
dimethoxyphenethylamine
(2C-B)

C10H14BrNO2: 260 Extractiona 17.79 1.73 0.75 0.27 16.86 260 (M+, 14), 259
(13), 232 (95), 230
(100)

41 1-(4-Chloro-2,5-dimethoxy
phenyl)prop-2-ylamine (DOC)

C11H16ClNO2: 230 Extraction 18.77 1.83 11.91 4.22 15.98 229 (2), 186 (33),
171 (3), 44 (100)

42 2,5-Dimethoxy-4-
ethylthiophenethylamine
(2C-T-2)

C12H19NO2S: 241 Extraction 19.18 1.87 14.38 5.10 18.12 241 (M+, 34), 212
(100), 211 (51), 183
(37), 197 (18)

43 4-Iodo-2,5-
dimethoxyphenethylamine
(2C-I)

C10H14INO2: 307 Extraction 19.53 1.90 14.81 5.25 17.94 307 (M+, 14), 278
(100), 263 (18),
30(36)
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44 2-[(tert-Butyl)amino]-1-(3-chloro
phenyl)propan-1-one
(Bupropion)

C13H18ClNO: 239 Sigma–Aldrich (St.
Louis, MO, USA)

20.29 1.98 14.29 5.07 14.45 224 (6), 111 (11),
100 (77), 57 (13),
44(100)

45 3,4-Trimethyleneamphetamine
(3,4-TMA)

C12H17N: 175 Extraction 20.49 2.00 14.46 5.13 12.24 131 (7), 117 (11),
115 (10), 91 (7), 44
(100)

46 2,5-Dimethoxy-4-
ethylphenethylamine
(2C-E)

C12H19NO2: 209 Extraction 20.61 2.01 15.32 5.43 15.17 209 (M+, 19), 180
(100), 165 (50)

47 2,5-Dimethoxy-4-ethylthio
amphetamine (ALEPH-2)

C13H21NO2S: 255 Extraction 20.95 2.04 16.22 5.75 18.75 255 (M+, 3), 212
(100), 197 (14), 183
(9), 44(36)
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No. Chemical name
(abbreviated name)

Formula:
molecular weight

Origin HPLC-I (k′)a HPLC-I k′/k′(IS) HPLC-II k′) HPLC k′/k′(IS) GC (tR, min) EI-MS (m/z, % Structures

48 2-(4-Iodo-2,5-
dimethoxyphenyl)ethylamine
(DOI)

C11H16INO2: 321 Extraction 21.27 2.07 16.53 5.86 17.92 320 (M+, 16), 278
(56), 263 (58), 77
(68), 44 (100)

49 2,5-Dimethoxy-4-isopropylthio
phenethylamine (2C-T-4)

C13H21NO2S: 255 Extraction 22.04 2.15 17.26 6.12 18.14 255 (M+, 41), 226
(83), 183 (10 0),
153 (22), 169 (20)

50 2,5-Dimethoxy-4-
propylthiophenethylamine
(2C-T-7)

C13H21NO2S: 255 Extraction 22.79 2.22 18.52 6.57 18.94 255 (M+, 33), 226
(100), 183 (50), 153
(22), 169 (21)

51 2-(2,4,5-Trichloro-3,6-dimethoxy
phenyl)ethylamine (2C-C-3)

C10H12Cl3NO2: 283 Extraction 22.85 2.23 18.08 6.41 18.39 256 (7), 254 (11),
249 (18), 247 (27),
30 (100)

a Capacity factor (k′ = (tR − tM)/tM), retention time (tR), mobile phase to pass through the column (tM), tM of HPLC-I = 2.00 min, tM of HPLC-II = 197 min.
b Extraction from the products.
c Internal standard (IS).
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Table 2
Data of tryptamines

No. Chemical name
(abbreviated name)

Fonnula: molecular
weghit

Origin HPLC-I (k′)a HPLC-I k′/k′ (IS) HPLC-II (k′) HPLC-II k′/k′ (IS) GC (tR, min) EI-MS (m/z, %) Structures

1 N-[2-(5-Methoxyindol-
3-yl)ethyl]acetamide
(Melatonin)

C13H16N2O2: 232 Nacalai (Kyoto,
Japan)

0.81 0.09 4.31 1.47 22.32 232 (M+, 26), 173
(100), 160 (99), 145
(23)

2 2-Amino-3-(5-
hydroxyindolin-3-
yl)propanoic acid,
5-hydroxy-tryptophan
(5-HO-TP)

C11H12N2O3: 220 Wako (Osaka,
Japan)

2.79 0.31 0.69 0.23 – –

3 3-(2-
Aminoethyl)indol-5-ol
(5-HO-T)

C10H12N2O: 176 Wako (Osaka,
Japan)

4.12 0.46 1.06 0.36 19.29 176 (M+, 20), 146
(100), 117 (8), 91 (7)

4 3-(2-
Dimethylaminoethyl)-
1H-indol-5-ol
(Bufotenin)

C12H16N2O: 204 CER (TX, USA) 4.52 0.50 2.03 0.69 17.20 204 (M+, 10), 160 (4),
146 (11), 58 (100)
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No. Chemical name
(abbreviated name)

Fonnula: molecular
weghit

Origin HPLC-I (k′)a HPLC-I k′/k′ (IS) HPLC-II (k′) HPLC-II k′/k′ (IS) GC (tR, min) EI-MS (m/z, %) Structures

5 (2R)-2-Amino-3-indol-
3-ylpropanoic acid
(TP)

C11H12N2O2: 204 Wako (Osaka,
Japan)

5.44 0.60 1.90 0.65 – –

6 1-Methyl-3,4-
dihydrobeta-carbolin-
7-ol
(Hannalol)

C12H12N2O: 200 Wako (Osaka,
Japan)

6.16 0.68 3.12 1.06 21.80 200 (M+, 85), 199
(100), 172 (13), 159
(8), 91 (6)

7 1-Methylbeta-carbolin-
7-ol
(Harmol)

C12H10N2O: 198 Wako (Osaka,
Japan)

6.36 0.71 3.77 1.28 22.11 198 (M+, 100), 170
(13), 115 (3), 99 (7)

8 2-(5-Methoxyindol-3-
yl)ethylamine
(5MeO-T)

C11H14N2O: 190 Wako (Osaka,
Japan

8.25 0.92 3.07 1.04 18.52 190 (M+, 27), 160
(100), 146 (12), 145
(26), 117 (15)
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9 2-Indol-3-
ylethylamine,
tryptamine (T)c

C10H12N2: 160 Wako (Osaka,
Japan)

9.00 1.00 2.94 1.00 15.98 160 (M+, 15), 130
(100), 131 (55), 77
(11)

10 1-(5-Methoxyindol-3-
yl)prop-2-ylamine
(5-MeO-AMT)

C12H16N2O: 204 Extractionb 10.15 1.13 4.01 1.36 18.62 204 (M+, 4), 161
(100), 160 (44), 146
(21),44 (34)

11 [2-(5-Methoxyindol-3-
yl)ethyl]dimethylamine
(5-MeO-DMT)

C13H18N2O: 218 Sigma–Aldrich
(St. Louis, MO,
USA)

10.20 1.13 4.31 1.47 18.91 218 (M+, 15), 160 (8),
145 (5), 117 (5), 58
(100)

12 (2-Indol-3-
ylethyl)methylamine
(NMT)

C11H14N2: 174 Wako (Osaka,
Japan)

10.52 1.17 3.57 1.21 16.44 174 (M+, 3), 131
(100), 77 (12), 44 (54)
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No. Chemical name
(abbreviated name)

Fonnula: molecular
weghit

Origin HPLC-I (k′)a HPLC-I k′/k′ (IS) HPLC-II (k′) HPLC-II k′/k′ (IS) GC (tR, min) EI-MS (m/z, %) Structures

13 (2-Indol-3-
ylethyl)dimethylamine,
dimethyltryptamine
(DMT)

C12H16N2: 188 Extraction 11.05 1.23 4.51 1.53 16.51 188 (M+, 8), 130 (9),
115 (4), 77 (4), 58
(100)

14 1-Indol-3-ylprop-2-
ylamine
(AMT)

C11H14N2: 174 Sigma–Aldrich
(St. Louis, MO,
USA)

11.28 1.25 4.10 1.39 16.26 174 (M+, 4), 131
(100), 130 (80), 77
(13), 44 (43)

15 (Indol-3-
ylmethyl)dimethylamine
(Gramine)

C11H14N2: 174 Wako (Osaka,
Japan)

11.36 1.26 3.53 1.20 15.00 174 (M+, 22), 130
(100), 103 (7),77 (9)

16 N,N-Diethyltryptamine
(DET)

C14H20N2: 216 Synthesis 12.16 1.35 8.24 2.80 18.40 216 (M+, 2), 144 (6),
130 (16), 86 (100)
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17 Methylbeta-carboline
(Harman)

C12H10N2: 182 Wako (Osaka,
Japan)

12.28 1.36 6.97 2.37 18.33 182 (M+, 100), 154
(20), 127 (7), 91 (7),
77 (5)

18 3-{2-
[Bis(methylethyl)amino]ethyl}
indol-4-ol (4-HO-DIPT)

C16H24N2O: 260 Extraction 13.76 1.53 6.87 2.34 21.58 260 (M+, 11), 146
(10), 114 (100), 72
(20)

19 Diethyl
[2-(5-methoxyindol-3-
yl)ethyl]amine
(5-MeO-DET)

C15H22N2O: 246 Synthesis 14.43 1.60 7.73 2.63 20.16 246 (M+, 3), 160 (4),
86 (100), 58 (5)

20 [2-(5-Methoxyindol-3-
yl)ethyl]methyl
(methylethyl)amine
(5-MeO-MIPT)

C15H22N2O: 246 Extraction 14.79 1.64 7.38 2.51 20.23 246 (M+, 3), 160 (5),
117 (4), 86 (100), 44
(27)
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No. Chemical name
(abbreviated name)

Fonnula: molecular
weghit

Origin HPLC-I (k′)a HPLC-I k′/k′ (IS) HPLC-II (k′) HPLC-II k′/k′ (IS) GC (tR, min) EI-MS (m/z, %) Structures

21 7-Methoxy-1-methyl-
3,4-dihydrobeta-
carboline
(Harmaline)

C13H14N2O: 214 Wako (Osaka,
Japan)

14.99 1.67 10.03 3.41 20.80 214 (M+, 100), 198
(24), 170 (18), 143
(7), 115 (6)

22 7-Methoxy-1-
methylbeta-carboline
(Harmine)

C13H12N2O: 212 Wako (Osaka,
Japan)

15.01 1.67 11.69 3.98 21.06 212 (M+, 100), 197
(22), 183 (5), 169
(55), 140 (5)

23 3-{2-[Methyl
(methylethyl)amino]ethyl}
indol-4-ol (4HO-MIPT)

C14H20N2O: 232 Extraction 15.52 1.72 10.55 3.59 20.42 232 (M+, 21), 146 (8),
86 (100), 44 (33)

24 (2-Indol-3-
ylethyl)methyl
(methylethyl)amine
(MIPT)

C14H20N2: 216 Synthesis 15.73 1.75 7.96 2.71 18.25 216 (M+, 26), 144 (7),
130 (9), 86 (100), 44
(24)
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25 N-Ethyl-N-(2-(5-
methoxy-li/-indol-3-
yl)ethyl)propan-2-
amine
(5-MeO-EIPT)

C16H24N2O: 260 Extraction 16.32 1.81 9.65 3.28 20.55 260 (M+, 1), 160 (9),
117 (6), 100 (100), 58
(31)

26 3-{2-[Methyl
(methylethyl)-
amino]ethyl}indo-4-yl
acetate (4-AcO-MIPT)

C16H22N2O2: 274 Extraction 17.27 1.92 12.86 4.37 21.57 274 (M+, 2), 146 (5),
86 (100), 44 (23)

27 3-{2-
[Bis(methylethyl)-
amino]ethyl}
indol-4-yl acetate
(4-AcO-DIPT)

C18H26N2O2: 302 Extraction 17.51 1.95 13.86 4.71 22.40 302 (M+, 1), 114
(100), 72 (15), 43 (5),
30 (9)

28 Bis(methylethyl)[2-(5-
methoxyindol-3-
yl)ethyl]amine
(5-MeO-DIPT)

C17H26N2O: 274 Extraction 17.71 1.97 13.02 4.43 21.30 274 (M+, 1), 174 (4),
159 (22), 114 (100)
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No. Chemical name
(abbreviated name)

Fonnula: molecular
weghit

Origin HPLC-I (k′)a HPLC-I k′/k′ (IS) HPLC-II (k′) HPLC-II k′/k′ (IS) GC (tR, min) EI-MS (m/z, %) Structures

29 [2-(5-Methoxyindol-3-
yl)ethyl]diprop-2-
enylamine
(5-MeO-DALT)

C17H22N2O: 270 Extraction 18.55 2.06 13.07 4.45 21.48 270 (M+, 2), 160 (8),
174 (3), 110 (100)

30 Bis(methylethyl)(2-
indol-3-ylethyl)amine
(DIPT)

C16H24N2: 244 Extraction 18.69 2.08 13.57 4.62 19.27 244 (M+, 1), 130 (11),
114 (100), 72 (18), 30
(7)

31 (2-Indol-3-
ylethyl)dipropylamine
(DPT)

C16H24N2: 244 Extraction 21.33 2.37 15.92 5.41 19.50 244 (M+, 2), 144 (7),
130 (9), 114 (100), 86
(6)

32 [2-(5-Methoxyindol-3-
yl)ethyl]dipropylamine
(5-MeO-DPT)

C17H26N2O: 274 Extraction 22.08 2.45 15.48 5.27 21.39 274 (M+, 1), 160 (7),
114 (100), 86 (5), 72
(4)

a Capacity factor (k′ = (tR − tM)/tM), retention time (tR), mobile phase to pass through the column (tM), tM of HPLC-I = 2.00 min, tM of HPLC-II = 1–97 min.
b Extraction from the products.
c Internal standard (IS).



M
.Takahashiet

al./Talanta
77

(2009)
1245–1272

1265

Table 3
Data of piperazines

No. Chemical name (abbreviated name) Formula:
molecular weghit

Origin HPLC-I
(k′)a

HPLC-I
k′/k′

(IS)

HPLC-
II
(k′)

HPLC-
II k′/k′

(IS)

GC
(tR, min)

EI-MS (m/z, %) Structures

1 1-(p-Fluorophenyl)piperazine (4FPP) C10H13FN2: 180 Wako (Osaka, Japan) 9.28 0.87 1.13 0.53 13.37 180 (M+, 33), 138 (100),
123 (14) 122 (17), 95
(12)

2 1-(2-Methoxyphenyl)piperazine (2MPP) C11H16N2O: 192 Sigma–Aldrich (St.
Louis, MO, USA)

10.69 0.98 3.07 1.22 14.85 192 (M+, 43) 150 (100),
135 (23), 134 (16), 120
(14)

3 1-Phenylpiperazine (PP)b C10H14N2: 162 TIC (Tokyo, Japan) 11.00 1.00 2.15 1.00 13.75 162 (M+, 32), 120 (100),
104 (15), 77 (18), 56 (8)

4 1-(3-Methoxyphenyl)piperazine (3MPP) C11H16N2O: 192 Sigma-Aldrich (St.
Louis, MO, USA)

11.11 1.01 3.82 1.41 16.47 192 (M+, 35), 151 (10),
150 (100), 136 (59), 135
(11)

5 1-(3-Fluorophenyl)piperazine (3FPP) C10H13FN2: 180 FLC (Derbyshire, UK) 11.38 1.03 4.49 1.57 13.71 180 (M+, 35), 138 (100),
123 (11), 122 (14), 95
(12)
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No. Chemical name (abbreviated name) Formula:
molecular weghit

Origin HPLC-I
(k′)a

HPLC-I
k′/k′

(IS)

HPLC-
II
(k′)

HPLC-
II k′/k′

(IS)

GC
(tR, min)

EI-MS (m/z, %) Structures

6 1-(4-Methoxyphenyl)piperazine (4MPP) C11H16N2O:192 Sigma–Aldrich (St.
Louis, MO, USA)

11.47 1.04 3.07 1.22 16.15 192 (M+, 40), 151 (10),
150 (100), 135 (14), 120
(15)

7 1-(2-Fluorophenyl)piperazine (2FPP) C10H13FN2: 180 Wako (Osaka, Japan) 11.97 1.07 3.78 1.40 12.77 180 (M+, 34), 138 (100),
123 (11), 122 (17)

8 1-(o-Chlorophenyl)piperazine (2CPP) C10H13ClN2: 196 Wako (Osaka, Japan) 16.81 1.45 7.20 2.23 14.64 196 (M+, 6), 161 (13),
156 (32), 154 (100), 138
(14)

9 1-(3-Chlorophenyl)piperazine (3CPP) C10H13ClN2: 196 Wako (Osaka, Japan) 17.35 1.49 8.66 2.58 15.99 196 (M+, 29), 156 (32),
154 (100), 138 (10)

10 1-(p-Chlorophenyl)piperazine (4CPP) C10H13ClN2: 196 Wako (Osaka, Japan) 17.45 1.50 8.84 2.62 16.04 196 (M+, 28), 156 (32),
154 (100)

11 1-(2,3-Dimethylphenyl)piperazine (2 3-XP) C12H18N2: 190 Sigma–Aldrich (St.
Louis, MO, USA)

18.64 1.59 12.52 3.52 15.26 190 (M+, 41), 148 (100),
132 (16), 117 (6)
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12 1-(3,4-Dimethylphenyl)piperazine (3,4-XP) C12H18N2: 190 Acros (New Jersey,
USA)

18.68 1.59 10.30 2.98 16.25 190 (M+, 31), 148 (100),
132 (6), 105 (10)

13 1-(3-Trifluoromethylphenyl)piperazine (4-TFMPP) C11H13F3N2: 230 Fluka (Steinheim, BLD) 19.19 1.63 15.07 4.14 14.65 230 (M+, 25), 188 (100),
172 (13), 145 (14)

14 1-(2,5-Dimethylphenyl)piperazine (2,5-XP) C12H18N2: 190 Acros (New Jersey,
USA)

19.98 1.69 13.93 3.86 14.81 190(M+,33)148(100)
132(18)117(8)105(4)

15 1-(2,4-Dimethylphenyl)piperazine (2,4-XP) C12H18N2: 190 Acros (New Jersey,
USA)

20.19 1.71 14.65 4.03 14.87 190 (M+, 33), 148 (100),
132 (20), 117 (6), 105
(4)

16 1-(5-Trifluoromethylphenyl)piperazine (TFMPP) C11H13F3N2: 230 Extractionc 20.37 1.72 14.26 3.94 13.53 230 (M+, 25), 189 (10),
188 (100), 172 (12), 145
(11)
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No. Chemical name (abbreviated name) Formula:
molecular weghit

Origin HPLC-I
(k′)a

HPLC-I
k′/k′

(IS)

HPLC-
II
(k′)

HPLC-
II k′/k′

(IS)

GC
(tR, min)

EI-MS (m/z, %) Structures

17 1-(3-Thienylmethyl)piperazine (3TMP) C9H14N2S: 182 Synthesis 22.61 1.89 1.91 0.94 13.32 182 (M+, 42), 140 (46),
97 (96), 85 (35),
56(100)

18 1-BenzyM-methylpiperazine (MBZP) C12H18N2: 190 Alfa Aesar (Lancs, UK) 24.44 2.03 2.45 1.07 13.05 190 (M+, 60), 119 (46),
99 (34), 91 (100), 56
(28)

19 1-Benzylpiperazine (BZP) C11H16N2: 176 Sigma–Aldrich (St.
Louis, MO, USA)

24.80 2.06 2.35 1.05 13.10 176 (M+, 25), 134 (80),
91 (100), 65 (11), 56
(17)

20 Piperonylpiperazine (MDBZP) C12H16N2O2: 220 Extraction 25.08 2.08 2.58 1.10 17.32 220 (M+, 24), 135 (100),
85 (15), 77 (13), 56(14)

21 1-(2-Phenylethyl)piperazine (2PEP) C12H18N2: 190 Alfa Aesar (Lancs, UK) 26.42 2.19 3.12 1.24 15.00 190 (M+, 2), 105 (12),
99 (100), 91 (14), 70
(21), 56 (31)

a Capacity factor (k′ = (tR − tM)/tM), retention time (tR), mobile phase to pass through the column (tM), tM of HPLC-I = 2.00 min, tM of HPLC-II = 1.97 min.
b Extraction from the products.
c Internal standard (IS).
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Fig. 3. UV spe

Though there were no particular characteristics of the types of
ompounds in terms of the k′, under these conditions, k′ of the PP
ompounds showed 9.2 or more, respectively.

Under the HPLC conditions, sulfonic acid-based ion pair reagent
as used in the mobile phase. However, this reagent was unsuit-

ble for use in the analysis with LC/MS during performing a study;
e therefore used an easily volatilized PFFA-4 ion pair reagent.

avorable results were obtained when using the gradient separation
ethod with a 5-mM/L PFFA-4 water solution/acetonitrile mixture.

able 1 shows the results as well as the k′ obtained by both LC
onditions. Tables 2 and 3 also show results for both LC conditions.

The reproducibility of the peak separation was better for the
DS mixture than it was for the PFFA-4 mixture. In addition, since
bout more 15 min were required for the column equilibration in
he latter condition after the completion of one cycle of analysis and

oving to the next analysis, the entire analysis period was longer
han 50 min.

.2. UV spectra (Figs. 2–4)

PEA compounds were further classified into four types as

hown, respectively, in Fig. 2A–D. Fig. 2A shows compounds in
hich the 4th position of the 2,5-dimethoxy-PEA was substituted
ith an ethyl group (2,5-dimethoxy-4-ethylphenethylamine

2C-E)), a thioethyl group (2C-T-2), or a chlorine group (4-chloro-
,5-dimethoxyphenethylamine (2C-C)), and the characteristic

a
a
y
1
g

tryptamines.

pectra for these compounds showed absorption maxima
ear 205, 250 and 300 nm, respectively. However, when
he substitution group for the 4th position was Cl, Br or I,
he absorption maxima shifted to a shorter wavelength by
0–20 nm. 2-(2,4,5-Trichloro-3,6-dimethoxy phenyl)ethylamine
2C-C-3) and 2,5-dimethoxy-4-nitrolphenethylamine (2C-N)
howed specific absorption spectra, as shown in Fig. 2A.
ig. 2B shows N-methyl-3,4-methylenedioxy-amphetamine
MDMA)-analogous drugs such as PEA and phenylpropylamine,
here they have a 3,4-methylenedioxyl group, and these com-
ounds characteristically showed absorption maxima near
07, 235, and 280 nm, respectively. Further, 2-methylamino-
-(3,4-methylene dioxyphenyl)propan-1-one (Mlone),
-(2H-benzo[d]1,3-dioxolan-5-yl)-2-pyrrolidinylpentan-1-one
MDPV), 2-methylamino-1-(3,4-methylenedioxy phenyl)butan-
-one (bk-MBDB) and 2-ethylamino-1-(3,4-methylenedioxy
henyl)propan-1-one (bk-MDEA), which also have a ketone group,
howed another absorption maximum at 320 nm. Fig. 2C shows
ompounds in which the � position has been substituted to a
ethyl group, such as the case of stimulant amphetamine (AM)

nd the narcotic cathinone, where these compounds showed

bsorption maxima near 204 and 250 nm, respectively. However,
s shown in Fig. 2C, the UV spectra for 1-(2-fluorophenyl)prop-2-
lamine (2FMP), 1-(3-fluorophenyl)prop-2-ylamine (3FMP) and
-(4-fluorophenyl)prop-2-ylamine (4FMP), in which the phenyl
roup has been substituted by fluorine (F), were shifted to longer
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Fig. 4. UV spe

avelength, with absorption maxima near 207 and 263 nm,
espectively. Furthermore, Fig. 2D shows compounds such as TMA
r 2-(4-iodo-2,5-dimethoxyphenyl)ethylamine (DOI), in which
here have been substitutions at three positions of the phenyl
roup in AM. These compounds showed absorption maxima near
03, 231 and 291 nm, respectively. When compared the obtained
V spectra for TMA, TMA-2 and TMA-6, where they are positional

somers with the different the substituted methoxyl group, both
MA and TMA-6 showed no absorption near 290 nm, while TMA-2
howed similar spectra to DOI. Differentiation between the isomers
s possible due to their different k′.

Tryptamine compounds (Fig. 3A–C), 5-methoxytryptamine
ompounds (Fig. 3A) in which a methoxyl group has been added to
he 5th position of the indole skeleton showed absorption maxima
ear 207, 223 and 275 nm. Fig. 3B shows the spectra for the com-
ounds in which no methoxyl group has been added. These were
imilar spectra, in which the absorption maxima have been shifted
pproximately 4 nm to the longer wavelength side. The five com-
onents contained in Harmala showed spectra that were different
rom those of the other tryptamine compounds (Fig. 3C). Though

armaline and harmalol, which have a single benzene ring, showed
he same spectra, while the k′ were different to be 14.99 and 6.16,
espectively.

Piperazine compounds (Fig. 4A–D) showed absorption maxima
t three locations: 207, 251 and 295 nm.

a
2
c

f piperazines.

3CPP and 4CPP showed absorption maxima near 207
nd 251 nm, respectively, while 2CPP showed maxima at
he 10 nm shift to the lower wavelength side. The k′ of
hese compounds were 17.35, 17.45, and 16.81, respec-
ively, indicating that the differentiation between 3CPP and
CPP would be difficult. 1-(2-Methoxyphenyl)piperazine
2MPP), 1-(3-methoxyphenyl)piperazine (3MPP) and 4MPP,
hich they are positional isomers showed different spec-

ra (Fig. 4B). 1-(2-Fluorophenyl)piperazine (2FPP) and
-(p-fluorophenyl)piperazine (4FPP) showed the same
pectra (Fig. 4C), while the k′ were different to be 11.97
nd 9.28, respectively. 1-(2,3-Dimethylphenyl)piperazine
2,3XP), 1-(2,5-dimethylphenyl)piperazine (2,5XP) and 1-(2,4-
imethylphenyl)piperazine (2,4XP) showed absorption maxima
ear 207 and 239 nm (Fig. 4D), respectively, while the k′ of these
ompounds were 18.64, 19.98, and 20.19, respectively, indicat-
ng that the differentiation between 2,5XP and 2,4XP would be
ifficult.

.3. GC analysis
Using the experimental conditions noted in the section of the
nalysis methods, it was possible to detect peaks between 8 and
0 min for the PEA compounds, between 16 and 23 min for the T
ompounds, and between 13 and 17 min for the PP compounds.
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n terms of the EI/MS spectra, the fragment ion due to N-� cleav-
ge of both PEA and T compounds having amino groups on the
ide branches, were the base ions [1]. Each Table shows the other
ragment ions used as indicators. As there was mostly no molecu-
ar ion peak (M+) for the drugs that contained a hydroxyl group, it

ill be necessary to study further by derivatizing these compounds
sing trifluoroacetyl (TFA) or trimethylsilyl (TMS) as reported in the

iteratures [18–20].

. Analysis of commercial products

From April 2005 to March 2008, 205 commercial products were
urchased at adult shops located in Tokyo or via the Internet and

ere subsequently examined their components by the present
ethods. In the purchased products, we were able to detect 26

EA-related compounds, 12 T-related compounds and 4 PP-related
ompounds, as listed in Table 4.

able 4
he compounds detected in the 205 samples

ompound number Detected compounds Number of detection

umber of phenylethylamines in Table 1
6 2C-T-2-OH 1

10 Mlone 25
13 PEA 2
14 TMA-2 4
16 bk-MDEA 1
18 Ethcathinone 1
0 MDMA 1

21 MMDA-2 2
5 BDB 4

27 PMMA 3
9 N-HO-4FMP 1
0 4FMP 8

31 FLEA 3
2 MBDB 2
4 N-Me-4FMP 3

37 TMA-6 4
8 2C-C 3
9 MDPV 1

41 DOC 1
2 2C-T-2 2
3 2C-I 4
6 2C-E 1

47 ALEPH-2 1
9 2C-T-4 3
0 2C-T-7 2

51 2C-C-3 2

umber of tryptamines in Table 2
3 5-HO-T 1

10 5-MeO-AMT 7
11 5-MeO-DMT 7
18 4-HO-DIPT 9
0 5-MeO-MIPT 22
5 5-MeO-EIPT 2
6 4-AcO-MIPT 1

27 4-AcO-DIPT 9
8 5-MeO-DIPT 5
9 5-MeO-DALT 5

31 DPT 2
2 5-MeO-DPT 2

umber of piperazines in Table 3
6 4MPP 2
9 CPP 4

18 MBZP 4
0 MDBZP 1

Total 168
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. Conclusions

In order to quickly confirm a potentially hazardous psychoactive
esigner drug, we created a library by performing simultane-
us analysis using LC/PDA and GC/EI/MS and then analyzed the
btained data. The data shown in this library consist of the UV
pectra, the HPLC k′ in relation to the IS, and the MS spectra for
04 types of drugs. We were able to quickly confirm psychoac-
ive designer drugs by applying this data library to the analysis
f purchased products. Even in the case of positional isomers, it is
ossible to perform a comparative study and differentiate the com-
ounds by combining information such as the UV, k′, MS spectra
nd the GC retention times. Furthermore, it is possible to analogize
he structure of drugs even when there is no reference standard
vailable by targeting the range for the k′ and MS spectra, and
hen performing a high-precision search of the library. The abil-
ty to perform quick confirmation of compounds using this library

ill be useful in publicizing dangers of psychoactive designer
rugs.
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a b s t r a c t

High-aspect-ratio ZnO nanowires based ultra-sensitive hydrazine amperometric sensor has been fabri-
cated which showed a high and reproducible sensitivity of 12.76 �A cm−2 nM−1, detection limit, based on
S/N ratio, 84.7 nM, response time less than 5 s, linear range from 500 to 1200 nM and correlation coeffi-
cient of R = 0.9989. This is the first report in which such a very high-sensitivity and low detection limit
has been achieved for the hydrazine sensors by using ZnO nanostructures modified electrodes. Therefore,
this work opens a way to utilize simply grown ZnO nanostructures as an efficient electron mediator to
fabricate efficient hydrazine sensors.

© 2008 Elsevier B.V. All rights reserved.
Keywords:
ZnO nanowires
Hydrazine sensors
Amperometric sensors
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. Introduction

Due to high industrial, pharmacological, military and aerospace
pplications, the detection of hydrazine has attracted considerable
nalytical interests. Hydrazine is widely used as catalyst, emulsi-
er, corrosion inhibitor, reducing agent, antioxidant, photographic
eveloper, pesticide and insecticide, plants growth regulator, etc.
1,2]. Hydrazine is a neurotoxin, therefore it produces carcino-
enic and mutagenic effects which causes the damages to lungs,
iver, kidneys, respiratory tract infection and long-term effects on
he central nervous system [3]. Moreover, it is widely used in
igh-energy propellants in rockets and spacecrafts by military and

erospace industries, missile systems, weapons for mass destruc-
ion and fuel cells [4]. It is therefore obvious that reliable and
ensitive analytical methods for the determination of hydrazine
re needed. Among various detection methods, the electrochem-

∗ Corresponding author. Fax: +82 63 270 2306.
E-mail addresses: ahmadumar@chonbuk.ac.kr (A. Umar),

bhahn@chonbuk.ac.kr (Y.-B. Hahn).
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cal method offers a portable, cheap and rapid method for the
etermination of hydrazine. Hitherto, various modified electrodes
ave been developed and used for the detection of hydrazine by
sing electrochemical method [5–11]. Due to extraordinary prop-
rties of ZnO such as biocompatibility, non-toxicity, chemical and
hotochemical stability, higher-specific-surface area, high-electron
ommunication features, electrochemical activities, and so on, we
ave recently reported the ZnO nanostructures based electrochem-

cal sensors [11,12]. Recently, we fabricated, for the first time, the
ydrazine sensor based on ZnO nanonails grown by thermal evap-
ration process. However, the sensitivity and detection limit of the
reviously fabricated sensor was as low as of 8.56 �A cm−2 �M−1

nd 0.2 �M, respectively.
In this paper, we are reporting an ultra-sensitive hydrazine

mperometric sensor based on high-aspect-ratio ZnO nanowires.
he fabricated sensor showed a very high and reproducible sensi-

ivity of 12.76 �A cm−2 nM−1 with the detection limit of 84.7 nM.

oreover, to the best of our knowledge, this is the first time such
very high-sensitivity and low-detection limit has been achieved

or the hydrazine sensors by using ZnO nanostructured modified
lectrodes.
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. Experimental details

The growth of high-aspect-ratio ZnO nanowires assembled in
rchin-like morphologies was performed in a horizontal quartz
ube furnace [13,14]. High-purity metallic zinc powder (99.999%)
nd oxygen was used as source materials for zinc and oxygen,
espectively. Commercially available steel alloy was used as a sub-
trate. In a typical reaction process, metallic zinc powder was put
nto a quartz boat and placed at the left hand side of centre of
urnace. The substrate was placed adjacent to the source mate-
ial. Before starting the reaction, the substrate was pre-treated by
he mixture of H2 and N2 gases (1:1 ratio) for 20 min at 450 ◦C.
fter pre-treatment, the furnace was heated to 550 ◦C with contin-
ous introduction of high-purity oxygen (300 sccm) and nitrogen
200 sccm) gases to facilitate the growth of high-aspect-ratio ZnO
anowires assembled in urchin-like morphologies. The reaction

asted for 60 min. After terminating the reaction, the furnace was
ooled to room-temperature under the continuous flow of high-
urity argon gas (100 sccm) and finally gray colored products were
eposited onto the steel alloy substrate.

To fabricate the hydrazine amperometric sensor, the as-grown
igh-aspect-ratio ZnO nanowires were coated onto the surface
f a gold (Au) electrode with the area of 2.0 mm2. Prior to the
odification, the gold electrode was polished with the 0.05 �m

lumina slurry and then sonicated in de-ionized water. The pre-
ared ZnO nanowires/Au electrode was wetted by phosphate buffer
olution (PBS) with pH 7.4 and dried gently by the high purity
itrogen gas. After drying the modified ZnO/Au electrode, a 5 wt%
5 �l) Nafion solution was dropped onto the electrode and dried
or 24 h at 4 ◦C to form a net-like film which is important to
ightly attach the ZnO nanowires on the surface of the electrode.
or the amperometric experiments, aliquots of hydrazine (from
00 nM to 1.4 �M) were injected into the stirred electrolyte solu-
ion and each addition of hydrazine resulted in a rapid increase in
he current. When not in use, the ZnO-modified gold electrodes
i.e., Nafion/ZnO/Au electrodes) were stored in PBS (pH 7.4) at
◦C. The electrochemical experiments were carried out at room-

emperature using an electrochemical analyzer (SHIn 2000, EQCM,
orea) with a conventional three-electrode configuration: a work-

ng electrode (ZnO-modified Au electrode with the diameter of
mm), a Pt wire as a counter electrode and Ag/AgCl (sat. KCl) as
reference electrode.

. Results and discussion

Fig. 1(a–c) shows the general morphologies of the as-grown
nO nanowires on steel alloys substrate. It is clearly seen from
he low-magnification images that the urchin-like ZnO morpholo-
ies containing high-aspect-ratio ZnO nanowires are grown in very
igh density over the whole substrate surface (Fig. 1(a and b)).
he average diameter of a single urchin-like structure is in the
ange of 15–20 �m. The high-resolution FESEM image exhibit more
lear features of urchin-like morphologies which clearly confirmed
hat these structures are made by the accumulation of numerous
igh-aspect-ratio ZnO nanowires (Fig. 1(c)). The high-aspect-ratio
nO nanowires of urchin-like morphologies are radially originated
rom the centre in such a special manner that they form spher-
cal like morphologies. The typical diameters of the nanowires
re in the range of 80–100 nm at the head and 40–50 nm in the

oots. The typical lengths of the grown ZnO nanowires are in the
ange of 10–12 �m, which confirms the high-aspect-ratio of the
s-grown products. Fig. 1(d) exhibits the typical X-ray diffraction
attern for the as-grown high-aspect-ratio ZnO nanowires. All the
bserved peaks in the pattern are well matched with the reported

f
c
a
u
a

(2009) 1376–1380 1377

alues of wurtzite hexagonal phase pure bulk ZnO (JCPDS Card No.
5-1526). A strongest peak at 34.2◦ attributed as ZnO (0 0 0 2) in
he pattern confirming that the as-grown nanowires are grown
long the [0 0 0 1] direction in preference. The inset of Fig. 1(d)
xhibits the typical growth behaviour of ZnO nanowires grown
n urchin-like morphologies. Even though not shown here, the
DS analysis confirms that the grown ZnO nanowires are made
n a proper stoichiometric ratio of Zn and oxygen. The detailed
tructural characterizations was done with transmission electron
icroscopy (TEM) and shown in Fig. 2.
Fig. 2(a) demonstrates the low-resolution TEM image of as-

rown high-aspect-ratio ZnO nanowires, which revealed the full
onsistency with the FESEM observations shown in Fig. 1, in terms
f density and dimensionality, i.e. diameters at the top and bottom
f the nanowires. The high-resolution TEM image taken from the
ircled portion in (a) clearly delineates the fringes of ZnO (0 0 0 1)
lanes with the interplanar spacing of about 0.52 nm and confirms
he single crystallinity with the preferential growth in the [0 0 0 1]
irection (Fig. 2(b)) [13,14]. The inverse Fast Fourier transformation
FFT) analysis also confirms that the synthesized nanowires are sin-
le crystalline with the wurtzite hexagonal phase and grown along
he [0 0 0 1] direction (Fig. 2(c)). Moreover, the corresponding SAED
attern of the grown nanowire (circled portion in Fig. 2(a)) is also
onsistent with the HRTEM and FFT results (Fig. 2(d)).

The cyclic voltammograms (CV) of the hydrazine sensor using
igh-aspect-ratio ZnO nanowires-modified gold (Nafion/ZnO/Au)
lectrode in a 0.01 M phosphate buffer solution (PBS) (pH 7.4) with
mM hydrazine (dotted line) and without hydrazine (solid line),
t the scan rate of 100 mV/s, are shown in Fig. 3(a). The mod-
fied (Nafion/ZnO/Au) electrode does not show any redox peak
n the potential range of −0.5 to 1.0 V. However, interestingly, it
as observed that compare to Nafion/ZnO/Au electrode without
ydrazine (solid line); a substantial enhancement of the anodic
eak current was observed in 0.01 M PBS (dotted line) with the
ddition of 1 mM hydrazine.

The observed peak potential (Epa) and current (Ipa) for the oxi-
ation peak was 0.08 V and 0.39 �A, respectively. Moreover, the
xidation process starts around −0.45 V and the anodic peak was
ppeared at 0.08 V. The electrochemical response is irreversible as
o cathodic current is observed during the reverse sweep. Hence,
ne can conclude that the ZnO is an effective mediator for the oxi-
ation of hydrazine. Moreover, as the faster electron transfer leads
o a sharper and well-defined peak, therefore substantial increase
n the peak height reflects a faster electron-transfer reaction by
afion/ZnO-modified gold electrodes.

As the amperometry under stirred conditions has a much
igher current sensitivity than the cyclic voltammetry, hence the
mperometric experiments have been performed under continu-
us stirring. A typical amperometric response of the Nafion/ZnO/Au
lectrode on a successive addition of hydrazine (from 500 nM to
.4 �M) into continuously stirred 0.01 M PBS solution (pH 7.4) at an
pplied potential in the range of −0.5 to 0.4 V is shown in Fig. 3(c). A
apid increase in the current was noticed in the amperometric mea-
urements after each addition of the hydrazine into the electrolyte
olution.

The 95% steady state response was achieved in less than 5 s
rom the modified electrode, which confirms a good electro-
atalytic oxidative and fast electron exchange behaviour of ZnO
anowires modified electrode. Inset of Fig. 3(c) demonstrates the
elation between the response current and hydrazine concentration

or the fabricated amperometric hydrazine sensor. The response
urrent increases as the concentration of hydrazine increases,
nd shows linear range up to the value of 1.0 �M. Moreover,
nder the optimized condition, the steady-state current showed
linear relationship with the hydrazine concentration in the
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ig. 1. (a–c) Typical FESEM images and (d) X-ray diffraction pattern of the as-grown
he schematic growth habit of as-synthesized ZnO nanowires.
ange of 500–1200 nM (Fig. 3(d)). The correlation coefficient (R)
as estimated to be R = 0.9989. The sensitivity of the fabricated
ydrazine sensor, from the slope of calibration curve, was found to
e 12.76 �A cm−2 nM−1. Moreover, the detection limit, estimated

b
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f

ig. 2. Typical (a) low-magnification and (b) high-resolution, (c) inverse Fast Fourier trans
nO nanowires assembled in urchin-like structures.
spect-ratio ZnO nanowires assembled in urchin-like structures. Inset of (d) exhibits
ased on signal to noise ratio (S/N), was found to be 84.7 nM
0.0847 �M). To the best of our knowledge, this is the first time such
very high-sensitivity and low detection limit has been achieved

or hydrazine sensors by using ZnO nanostructures modified elec-

formation (FFT) and (d) corresponding SAED pattern of as-grown high-aspect-ratio
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ig. 3. (a) Cyclic voltammetric sweep curve for the Nafion/ZnO/Au electrode witho
he scan rate was 100 mV/s; (b) schematic of hydrazine detection by electrochemic
he Nafion/ZnO/Au electrode with successive addition of hydrazine into 0.01 M PBS
elationship with the steady state current and hydrazine concentration.

rodes. In addition to this, for comparing the characteristics and
erformances of the fabricated high-aspect-ratio ZnO nanowire-
ased hydrazine sensors, the properties of the previously reported
ydrazine sensors based on the utilization of different materials
s the working electrode are summarized in Table 1 which con-
rms that the fabricated hydrazine sensor exhibited an excellent
erformance. Moreover, it is also seen that the performance of the
nO nanostructures based hydrazine sensor is also depend upon
he morphologies and surface area of the nanostructures. As the
igh-aspect-ratio ZnO nanowires have high-surface area than the
reviously reported ZnO nanonails [11], hence the nanowires are
xhibiting higher sensitivity and detection limit (Table 1).

The fabricated ZnO nanowires modified electrodes exhibited
good sensitivity and reproducibility and it was found that the
abricated sensors did not show any significant decrease in the
ensitivity for more than 35 days, while storing in an appropri-
te form when not in use. The Nafion/ZnO/Au sensor was evaluated
mperometrically in the presence of common electro-active com-
ounds, such as ascorbic acid (AA), glucose (GL), uric acid (UA),

r
d
o
b
s

able 1
omparison of the responses of some amperometric hydrazine sensors constructed based

lectrode materials Sensitivity (�A/cm2 �M)

WCNT and chlorogenic acids 0.0041
WCNT and catechin hydrate 0.183
affeic acid modified GCE 3.16
ickel hexacyanoferrate modified carbon ceramic electrode 0.26
ematoxylin multi-wall carbon nanotubes 0.0208
arbon nanotubes powder microelectrode 0.9944
nO nanonails 8.56
igh-aspect-ratio ZnO nanowires 12.7 �A/cm−2 nM
drazine (solid line) and with 1 mM hydrazine (dotted line) in 0.01 M PBS (pH 7.4).
thod using ZnO nanowires modified gold electrode; (c) amperometric response of
r solution (pH 7.4). (d) The plot of 1/current vs. 1/concentration exhibiting a linear

nd acetaminophen (AP) and it was seen that no amperometric
esponse was observed when 0.2 mM ascorbic acid, glucose, uric
cid, and acetaminophen introduced in 0.01 M PBS (Fig. 4). Thus,
he selectivity of Nafion/ZnO/Au sensor is good for hydrazine detec-
ion in the presence of common interfering compounds in normal
iological systems compared to previously reported literature [15].

The proposed hydrazine sensor was tested to detect the
ydrazine concentration in direct real commercial compound. The
eal sample was diluted 10 times with 0.01 M PBS before performing
xperiments. The standard addition method was followed and the
ydrazine concentration in sample was determined from standard
ddition curves. The hydrazine concentration in the commercial
ample was found to be 0.73 ± 0.05 �M. A series of five successive
easurements of 0.5 �M hydrazine in 0.01 M PBS yielded a good
eproducible signal at Nafion/ZnO/Au sensor with relative standard
eviation (R.S.D.) of 3.87%. The intra and inter assay reproducibility
f fabricated sensor for 0.5 �M hydrazine detection were found to
e 1.39 and 1.26%, respectively. To examine the long-term storage
tabilities, the response for the Nafion/ZnO/Au sensor was exam-

on different modified electrode materials.

Detection limit (�M) Response time (s) Linear range (�M) Ref.

8 – 2.5–5000 [6]
2.0 – 0.5–1000 [6]
0.4 – 2.5–1000 [7]
2.28 <3 2–5000 [8]
0.68 <2 2.0–122.8 [9]
– <3 – [10]
0.2 <5 0.1–1.2 [11]
0.0847 <5 0.5–1.2 This work
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ig. 4. The chronoamperometric responses for the common interfering compounds
ith hydrazine. Interfering agents (ascorbic acid (AA), glucose (GL), uric acid (UA),

nd acetaminophen (AP)) concentration was used (0.2 mM into 0.01 M PBS).

ned with respect to the storage time. After each experiment, the
ensor washed with the buffer solution and stored in a 0.01 M PBS
t 4 ◦C. The long-term storage stability of the sensor was tested for
5 days. The sensitivity retained 93.8% of initial sensitivity up to 35
ays. After 35 days, the response gradually decreased, which might
ave been due to the loss of the catalytic activity. The above results
learly suggested that the sensor can be used for more than 1 month
ithout any significant loss in sensitivity.

. Conclusions
In conclusion, an ultra-sensitive hydrazine sensor has been
abricated by modifying the gold electrode with the high-aspect-
atio ZnO nanowires grown by simple thermal evaporation
rocess at low temperature. A high reproducible sensitivity of
2.76 �A cm−2 nM−1, response time less than 5 s and detection

[
[

[

(2009) 1376–1380

imit of 84.7 nM was found from the fabricated sensor. To the best
f our knowledge, this is the first time such a very high-sensitivity
nd low detection limit has been achieved for hydrazine sensors by
sing ZnO nanostructures modified electrodes. Thus, one can con-
lude that because of very easy synthesis and electrode fabrication,
ltra-sensitivity, low detection limit, fast response and high-surface
rea, the ZnO nanowires are the promising nanostructures for the
abrication of amperometric sensors for the efficient detection of
ydrazine.
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a b s t r a c t

Direct electrochemistry and electrocatalysis of heme proteins including hemoglobin (Hb), myoglobin
(Mb) and horseradish peroxidase (HRP) were studied with the protein incorporated single walled car-
bon nanotubes (SWCNTs)-cetylramethylammonium bromide (CTAB) nanocomposite film modified glassy
carbon electrodes (GCEs). The incorporated heme proteins were characterized with Fourier transform
infrared spectroscopy (FTIR), ultraviolet visible (UV) spectroscopy, atomic force microscopy (AFM) and
eywords:
ingle wall carbon nanotubes
eme proteins
etylramethylammonium bromide
irect electron transfer
lectrocatalysis

electrochemistry, indicating the heme proteins in SWCNTs-CTAB nanocomposite films keep their sec-
ondary structure similar to their native states. The direct electron transfer between the heme proteins
in SWCNTs-CTAB films and GCE was investigated. The electrochemical parameters such as formal poten-
tials and apparent heterogeneous electrontransfer rate constants (ks) were estimated by square wave
voltammetry with nonlinear regression analysis. The heme protein-SWCNT-CTAB electrodes show excel-
lent electrocatalytic activities for the reduction of H2O2 and NO2

−, which have been utilized to determine
the concentrations of H2O2 and NO2

−.
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b
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. Introduction

Recently, the direct electron transfer (DET) between the redox
roteins and the electrode surface has received more and more
ttentions. The DET between proteins and electrodes provide an
deal model for mechanistic studies of electron transfer in real bio-
ogical systems, and play an important role for fabricating protein
ased biosensors, biomedical devices, and enzymatic bioreactors
1,2]. However, there are three main blocks to study the DET of
rotein with an electrode: (i) the redox centers tend to be buried

nside the proteins and are far away from the electrode surface; (ii)
he diffusion coefficients of the proteins are small; (iii) the proteins
dsorb strongly at the metallic electrode surface and then denat-
ration. Thus, the studies are focusing on finding ideal electrode
aterials and suitable protein immobilization methods to obtain

heir direct electrochemical reactions and retain their bioactivi-

ies [3,4]. Since Rusling and co-workers developed a technique of
urfactant–films to incorporate proteins on the electrode surface
5–7], various materials and methods have been used to immobi-
ize proteins, such as sol–gel films [8], hydrogel polymers [9] or

∗ Corresponding authors. Tel.: +1 701 231 8697; fax: +1 701 231 8831.
E-mail addresses: wangsf@hubu.edu.cn (S. Wang), guodong.liu@ndsu.edu

G. Liu).
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iopolymers [10], room temperature ion liquid films [11], layer-
y-layer assembly films [12] and inorganic mesoporous materials
13,14].

Carbon nanotubes (CNTs) have attracted a great deal of interest
ecause of their unique physical and chemical properties since CNTs
ere discovered by Iijima in 1991 [15]. CNTs show electrical proper-

ies as metal or semiconductors, depending on their size and lattice
elicity [16]. The subtle electronic properties suggest that CNTs,
hen used as an electrode material in electrochemical reactions,
ave the ability to promote electron transfer reactions, which rep-
esents a new application of CNTs [17,18]. Recently, CNTs also have
een used to immobilize proteins and accelerate the DET of pro-
eins, such as glucose oxidase, bilirubin oxidase and cytochrome c
19]. Yang and co-worker [20] immobilized the horseradish peroxi-
ase (HRP) on glassy carbon electrode (GCE) based on cross-linking
RP by glutaraldehyde with multi-wall CNTs/chitosan composite
lm. Cai and Chen [21] dispersed the CNTs into surfactant and
ixed with hemoglobin (Hb), then immobilized hemoglobin on

lectrode by Nafion.
In the present work, CNTs were used to directly immobi-
ize redox heme proteins including myoglobin (Mb), Hb and HRP
n the surface of the GCE in the presence of cetylramethylam-
onium bromide (CTAB). The use of CTAB would offer a quick

nd effective method to disperse single walled carbon nanotubes
SWCNTs) and facilitate the immobilization of proteins on the
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(curve b ), Mb film (curve c) and Mb-SWCNTs-CTAB film (curve c ).
The above results indicate the incorporated heme proteins in the
SWCNT-CTAB films may keep their secondary structure.

The secondary structure of heme proteins in the SWCNT-CTAB
films was further confirmed with UV–vis spectroscopy. It is
344 S. Wang et al. / Tala

WCNTs. The biocompatible characteristics of CTAB would pro-
ide a favorable microenvironment to keep the activities of the
mmobilized proteins [21]. We expect that the biocompatible CTAB-
WCNTs nanocomposite film would enhance the direct electron
ransfer capabilities of the redox proteins on the electrode sur-
aces. We have also discussed the electrocatalytic reactions of
arious substrates with biological or environmental significance
t the protein-SWCNTs-CTAB nanocomposite film electrodes. The
rotein-SWCNTs-CTAB films have been characterized by different
echnologies. The properties of electrocatalytic reduction of NO2

−

nd H2O2 and its analytical applications were also studied.

. Experimental

.1. Chemicals and reagents

Horse heart myoglobin and horseradish peroxidase were
btained from Sigma. Bovine hemoglobin was purchased from
luka. SWCNTs were obtained from Chengdu Organic Chemi-
als Co. (Shiquan, China) and were purified before using. CTAB
10 mg mL−1) was obtained from Sigma. Phosphate buffer solu-
ion (PBS) was prepared with potassium dihydrogen phosphate and
odium dihydrogen phosphate. All other reagents were of analytical
rade. All solutions were prepared with double-distilled water.

.2. Apparatus

Electrochemical measurements were carried out with a CHI 660
lectrochemical analyzer (CH Instrumental Co., U.S.A) controlled
y a personal computer. A three-electrode system was used in
he measurements, with a bare GCE (3 mm diameter) or protein-
WCNTs-CTAB/GCE as the working electrode, a saturated calomel
lectrode (SCE) as the reference electrode and a platinum wire
s the auxiliary electrode. ultraviolet (UV) visible spectroscopy
as carried out with a Cintra 10e UV-visible spectrophotometer

GBC PerkinElmer 17). Sample films for the spectroscopy were pre-
ared by depositing protein-SWCNTs-CTAB films onto quartz slides,
hich were then being dried in air. Fourier transform infrared

pectroscopy (FTIR) spectra were recorded using a PerkinElmer
pectrum One FTIR spectrometer. All the spectra were obtained
ith an average of 100 scans and 4 cm−1 resolution. Transmission

lectron microscopy (TEM) was performed with a TEM-100CX11,
EOL) operating at 200 kV. Atomic force microscopy (AFM) images
ere obtained from a Nanoscope III atomic force microscopy (Dig-

tal Instruments, USA) using tapping mode, with commercially
ltrasharpened Si3N4 tips.

.3. Preparation of protein-SWCNTs-CTAB/GCE

Prior to use, the bare GCE was polished to a mirror-like surface
ith 0.5�m and 0.05 �m �-Al2O3 powder, respectively, then rinsed
ltrasonically with water and absolute ethanol and sonicated in
wice-distilled water. SWCNTs (1.0 mg) were dispersed in 1.0 mL
TAB (10 mg mL−1) and the mixture was agitated in an ultrasonic
ath for 1 h to achieve a well-dispersed suspension. The suspen-
ion was sonicated again for 15 min just before preparing the films.
o get the best CV responses of protein-SWCNTs-CTAB films, the
xperimental conditions of film casting, such as the concentration
f proteins, the ratio of protein to SWCNTs-CTAB composite and the
otal volume of protein-SWCNTs-CTAB suspension, were optimized.

ypically, 20 �L of the suspension containing 5 mg mL−1 protein
Mb, Hb or HRP) and 1.0 mg mL−1 SWCNTs-CTAB was spread evenly
nto GCE electrodes for preparing Mb, Hb or HRP-SWCNTs-CTAB
lms. A small bottle was fitted tightly over the electrode to serve as
closed evaporation chamber so that the water evaporated slowly

F
(

ig. 1. FTIR spectra for (a) Hb film, (a′) Hb-SWCNTs-CTAB film, (b) HRP film, (b′)
RP- SWCNTs-CTAB film and (c) Mb film, (c′) Mb-SWCNTs-CTAB film.

nd more uniform films were formed. The films were then dried in
ir overnight.

. Results and discussion

.1. Characterization of the protein-SWCNTs-CTAB film

.1.1. FTIR Spectra
FTIR spectroscopy is a sensitive tool for studying the secondary

tructure of proteins. The characteristic amide I (1700–1600 cm−1)
nd amide II (1620–1500 cm−1) bands of proteins provide detailed
nformation on the secondary structure of polypeptidechain [22].
ig. 1 presents the typical FTIR spectrum of the Hb and Hb-
WCNT-CTAB films. The amide I and amide II bands of Hb in
b-SWCNTs-CTAB film (curve a′, 1631.71 and 1532.84 cm−1) are
ery similar to those obtained with the Hb film (curve a, 1632.93
nd 1533.71 cm−1), indicating that Hb retains the essential features
f its original structure in the SWCNTs-CTAB film. Similar bands
re also observed with HRP (curve b) and HRP-SWCNTs-CTAB films

′ ′
ig. 2. UV–vis spectra for (a) HRP film, (a′) HRP- SWCNTs-CTAB film; (b) Hb film,
b′) Hb- SWCNTs-CTAB film and (c) Mb film, (c′) Mb- SWCNTs-CTAB film.
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Fig. 3. TEM image of the SWCNTs in the presence of CTAB.

ell-known the position of the Soret absorption band of heme
n the UV–vis spectroscopy provides information about possible
enaturation of proteins, especially conformational change in the
eme group region. Fig. 2 presents the typical UV–vis spectroscopy
f the films. It can be seen that the HRP cast films gave a heme band
t 413 nm (curve a). The Soret band was also found at 413 nm with
he HRP-SWCNTs-CTAB film (curve a′). The Soret bands at the same
avelength were obtained with Hb film (curve b), Hb-SWCNT-
TAB film (curve b′), Mb film(curve c) and Mb-SWCNT-CTAB(curve
′). These suggest that the proteins in SWCNTs-CTAB films have an
nchanged secondary structure.

.1.2. TEM and AFM images
The microstructure of SWCNT in the presence of CTAB and the

orphologies of protein films were characterized by transmission
lectron microscopy (TEM) and AFM, respectively. Fig. 3 presents
he typical TEM image of SWCNT in the presence of CTAB. The
ber-like SWCNTs were distributed evenly on the grids, although

ew bundles were observed. A large number of aggregates were
bserved in the absence of CTAB (not shown). It indicated that the
se of CTAB would help the SWCNTs to disperse in the solution,
esulting an even and stable SWCNT film. Fig. 4 presents the AFM

mages of Mb film (Fig. 4(A)), SWCNTs-CTAB film (Fig. 4(B)) and Mb-
WCNTs-CTAB film (Fig. 4(C)). One can see that the image of the
b on the HOPG surface looked loose and uneven. The fiber-like

WCNTs were observed clearly in the SWCNTs-CTAB film and the
lobular-like CTAB close to the SWCNTs tightly. However a uniform,

o
s
p
C
C

Fig. 4. AFM images of (A) Mb; (B) SWCNTs-CTAB and (C) Mb-SWCNTs-C
ig. 5. Cyclic voltammograms at scan rate 0.2 V s−1 in pH 7.0 PBS (a) SWCNTs-
TAB films; (b) Mb -SWCNTs-CTAB films; (c) Hb-SWCNTs-CTAB films and (d)
RP-SWCNTs-CTAB films.

table, and regularly patterned compact structure was observed on
b-SWCNTs-CTAB film. The film may weaken the congregate of

rotein on bare GC electrodes and expose the heme crevice to a
ore hydrophobic environment, thus lowering the reorganization

nergy for electron transfer [23].

.2. Direct electrochemistry of protein-SWCNTs-CTAB films

Fig. 5 presents the cyclic voltammograms of SWCNTs-CTAB
curve a), Mb-SWCNTs-CTAB (curve b), Hb-SWCNTs-CTAB (curve c)
nd HRP-SWCNTs-CTAB (curve d) film electrodes in pH 7.0 PBS. No
oltammetric peak was observed at SWCNTs-CTAB film electrode
curve a) in the selected potential range. A pair of well-defined,
uasi-reversible redox peaks were observed for the heme protein
ncorporated film electrodes at potentials −0.293 V (Mb), −0.274 V
Hb) and −0.291 V (HRP). The redox peaks were located at the
otentials characteristic of the heme Fe (III)/Fe (II) redox couples
f the proteins. For these protein-SWCNTs-CTAB films, the peak
urrents reached the steady-state after several CV cycles in the
BS. Thus, all voltammetric experiments with protein-SWCNTs-
TAB film electrodes were conducted at their steady-states. CVs

f protein-SWCNTs-CTAB films had roughly symmetrical peak
hapes and approximately equal heights of reduction and oxidation
eaks. In order to investigate the promote effect of SWCNTs; the
Vs of Mb/GCE, Mb-SWCNT/GCE, Mb-CTAB/GCE and Mb-SWCNTs-
TAB/GCE were studied. As can be seen in Fig. 6, running at the same

TAB on HOPG surface. Scan size = 1 × 1 �m2, data scale = 100 nm.
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Table 1
Ratio of electroactive protein to total protein.

Film � ads
(mol cm−2)

� active
( mol cm−2)

� active/� ads
(%)
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ig. 6. Cyclic voltammograms of Mb/GCE (a); Mb-CTAB/GCE (b); SWCNTs-CTAB/GCE
c) and Mb-SWCNTs-CTAB/GCE (d) at scan rate 0.2 V s−1 in pH 7.0 PBS. Inset: Close-up
f curve a and b.

otential window, the redox peak currents of Mb(curve d) with
he Mb-SWCNTs-CTAB film electrode is significant higher than that
ith the Mb/GCE(curve a) or Mb-CTAB/GCE(curve b). An ill-defined
V (not shown) was obtained with the Mb-SWCNT/GCE because of
he heavy aggregations of SWCNTs in Mb solution. The reason for
he better performance of the CTAB-SWCNTs-modified GCE may
e due to the nanometer dimensions of the CNTs, the electronic
tructure and the topological defects present on the CNTs surfaces
24]. Meanwhile the CNTs increased the effective area of the elec-
rode; the portion of the electroactive proteins is greatly improved
ompared with those on bare GCE and CTAB film [25].

The reduction peak currents increased linearly with scan rates
n the range 0.05–0.5 V/s (Fig. 7). The peak-to-peak separation also
ncreased with scan rates. The logarithm plot peak current (log ip)
s. logarithm of scan rates log v of HRP gives linear relationship,
ith a slope of 0.91 (log ipc vs. log v, R = 0.998) and 0.84 (log ipa vs.

og v, R = 0.999). These values are very close to the value of 1. It
s the characteristic of surface-confined thin-layer electrochemical
rocess. Using the integrals of the reduction peaks and Faraday’s

aws, � = Q/(nFA), where Q is the charge involved in the reaction, n
s the number of electrons transferred, F is Faraday’s constant, and A

s the electrode area, the amount of electroactive protein molecules
as estimated to be 8.83 × 10−10 mol cm−2 for HRP, assuming a one-

lectron reaction. This value is 10.74% of the total amount of HRP
eposited on the electrode surface. This may suggest that only those
roteins in the inner layers of the films close to the electrode and

3

a

ig. 7. (A) Cyclic voltammograms of HRP-SWCNTs-CTAB film at different scan rates (curve
lot of peak current vs. scan rate, inset: linear logarithm plot of peak current vs. scan rate
RP 8.22 × 10−9 1.51 × 10−11 0.18
RP-CTAB 8.22 × 10−9 2.61 × 10−11 0.32
RP-SWCNTs-CTAB 8.22 × 10−9 8.83 × 10−10 10.74

ith a suitable orientation can exchange electrons with the elec-
rode surface. However, compared with those on bare GCE and CTAB
lm, the portion of the electroactive proteins is greatly improved
Table 1).

The pH effect of supporting electrolyte on the redox peak cur-
ent and potential of the heme protein was investigated. Fig. 8
A) shows the typical cyclic voltammograms of Hb-SWCNTs-CTAB
lm electrode in pH 2.5–9.0 PBS. An increase in pH of the solu-
ion leads to a negative shift in potential for both cathodic and
nodic peaks for Hb-SWCNTs-CTAB films. Nearly reversible voltam-
ograms with stable and well-defined redox peaks were obtained

or three proteins in the pH range of 2.5–9.0. The Epa, Epc and E0′
(for-

al potential) had a linear relationship with the pH value of PBS
Fig. 8(B)) with the slope values of 28.6, 30.6 and 32.6 mV pH−1,
espectively. All these slope values are smaller than the theoret-
cal value of 57.6 mV pH−1 at 18 ◦C for a single-proton coupled,
eversible one-electron transfer [26,27]. The reason might be the
nfluence of the protonation states of trans ligands to the heme
ron and amino acids around the heme, or the protonation of the
ater molecule coordinated to the central iron [28].

The average formal potentials (E0′
) and apparent heterogeneous

lectron transfer rate constants (ks) were estimated by employing
onlinear regression analysis of SWV forward and reverse curves
29,30]. Fig. 9 presents the typical SWV forward and reverse current
oltammograms for Mb-SWCNTs-CTAB films in pH 7.0 PBS at dif-
erent frequencies. The results calculated were listed in the Table 2.
0′

values estimated as a midpoint of CV reduction and oxidation
eak potential for the films are also listed, which are in good agree-
ent with those obtained by SWV. From Table 2, we found that the

s value obtained in this study was higher than that of the previ-
us studies by using MWCNT [31] and other materials [5]. It can be
oncluded that the use of the SWCNTs-CTAB film obviously increase
he DET of heme proteins.
.3. Catalytic reactivity

We studied the catalytic reactivates of the proteins (Mb, Hb
nd HRP) in SWCNTs-CTAB films toward various substrates with

s a → k) 0.05, 0.08, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5 V s−1 in pH 7.0 PBS. (B)
.
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Fig. 8. (A) Cyclic voltammograms of Hb-SWCNTs-CTAB film at different pH (curv

Fig. 9. SWV forward and reverse current voltammograms for Mb-SWCNTs-CTAB
fi
m
b
h

b
g
t
T
a
w
H
o
d
p

e
s
t
1
i
0

o
s
s
a
s
M
e
B

a
H
t
e
i
a
s
s
m

a
fi
p
f
o
t
fi
0
fi
r
d
c

T
E

F

M
H
H
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y nonlinear regression onto the 5 − E0′
dispersion model. SWV conditions: pulse

eight 60 mV and frequencies (Hz): (a) 132; (b) 152; (c) 172 and (d)185.

iological or environmental significance, such as nitrite and hydro-
en peroxide. Electrocatalytic reduction of these substrates at the
hree protein-SWCNTs-CTAB film electrodes was examined by CV.
he HRP-SWCNTs-CTAB film is cited as an example. When H2O2 was
dded to pH 7.0 PBS, an increasing reduction peak at about −0.3 V
as observed with the disappearance of the oxidation peak for
RP-Fe (II). The reduction peak current increased with the increase
f the concentration of H2O2 in solution (Fig. 10(A)). However, no
irect reduction peak was observed on SWCNTs-CTAB films in the
resence of H2O2 in the selected potential range.

The catalytic reduction of H2O2 at protein-SWCNTs-CTAB film
lectrodes could be used to determine H2O2 concentration in the

olution by CV. The linear relationship of the electrocatalytic reduc-
ion peak current and H2O2 concentration was observed between
.07 × 10−6 and 4.84 × 10−5 M. The linear regression equation is
(A) = 3.639 × 10−6 + 0.198c (M) with a correlation coefficient of
.9995 (Fig. 10(B) (inset)). The calibration curve tended to lever

r
a
c
w
o

able 2
lectrochemical parameters of protein-SWCNTs-CTAB films.

ilms CV

E0′
(V) �E (mV) � × 1010 (mol cm−2)

b-SWCNTs-CTAB −0.292 59 10.78
b-SWCNTs-CTAB −0.274 79 9.86
RP-SWCNTs-CTAB −0.291 87 8.83
es a → f) 3.5, 5.0, 6.0, 7.0, 8.0, 9.0. Scan rate: 0.2 V s−1. (B) Plots of Ep vs. pH.

ff when the concentration of H2O2 became larger. The relation-
hip between catalytic current and the concentration of H2O2
howed a typical characteristic of Michaelis–Menten curve. For
thin film of immobilized proteins, the maximum current mea-

ured under saturated substrate conditions (Imax) and the apparent
ichaelis–Menten constant (Kapp

m ), which give an indication of the
nzyme-substrate kinetics can be obtained from the Lineweaver-
urk equation [32]:

1
Iss

= 1
Imax

+ Kapp
m

Imaxc

Kapp
m and Imax can be obtained by the analysis of the slope

nd the intercept of the plot of the steady-state current versus
2O2 concentration. Accordingly, the Imax value was estimated

o be 1.22 × 10−5 A and the Kapp
m value was 1.02 × 10−5 M for the

nzymatic activity of the HRP-SWCNTs-CTAB film to H2O2, which
mplied that the HRP-SWCNTs-CTAB film electrode exhibited a high
ffinity for H2O2. The other two heme protein-SWCNTs-CTAB films
howed similar catalytic behavior and calibration curve, and the
ame analysis was also carried out for them. The results were sum-
arized in Table 3.
The protein-SWCNTs-CTAB film electrodes were also used to cat-

lyze the reduction of nitrite. For example, with HRP-SWCNTs-CTAB
lms, when NO2

− was added in pH 7.0 buffer, a new reduction
eak appeared at about −0.9 V and the peak increased with a
urther addition of NO2

− (Fig. 11(A)). Direct reduction of NO2
−

n SWCNTs-CTAB films free of HRP was found at the poten-
ial more negative than −1.3 V, showing that HRP-SWCNTs-CTAB
lms decreased the reduction overpotential for NO2

− by at least
.4 V. The mechanism of nitrite reduction at HRP-SWCNTs-CTAB
lm electrodes is not yet clear. However, since a similar catalytic
eduction of NO2

− was observed previously with HRP-DDAB (dido-
ecyldimethylam monium bromide) film electrodes by Farmer and
o-workers [33,34], we speculate that the mechanism of catalytic

eduction of NO2

− on both protein films would be similar. The cat-
lytic CV reduction peak of NO2

− had a linear relationship with the
oncentration of NO2

− in the range of 6.67 × 10−6 to 1.03 × 10−4 M
ith a detection limit of 2.22 × 10−6 M and a correlation coefficient

f 0.9988 (Fig. 11(B)).

SWV

E0′
(V) � × 1010 (mol cm−2) ˛ ks (s−1)

−0.290 9.36 0.52 85.6 ± 0.2
−0.260 9.21 0.52 86.1 ± 0.1
−0.286 8.14 0.50 89.1 ± 0.2
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Fig. 10. (A) Typical cyclic voltammograms of HRP-SWCNTs-CTAB film electrode in pH 7.0 PBS containing different concentration of H2O2, the concentrations of the added
H2O2: from a to g: 1.07 × 10−6, 1.31 × 10−5, 1.74 × 10−5, 2.21 × 10−5, 2.59 × 10−5, 3.59 × 10−5, 4.84 × 10−5 M. (B) Plot of catalytic peak current vs. concentration of H2O2. Inset:
line relationship between peak current and the concentration of H2O2.

Table 3
Electrocatalytic parameters and relationship between catalytic current and H2O2 concentrations.

Modified electrodes Kapp
M (10−5 M) Imax/10−5 (A) Linear range (M) Detection limit (M) Sensitivity (�A �M−1)

H 1.0
H 2.3
M 2.4

C
F
t
f
1

3

S
T
t
r
−
r
m
F
S
o

a
e
r
t
t
t
2
t
a
a
fi
f
l

t

F
1
p

RP-SWCNTs-CTAB 1.02 1.22
b-SWCNTs-CTAB 1.20 2.04
b-SWCNTs-CTAB 1.21 2.15

Mb-and Hb-SWCNTs-CTAB films demonstrated similar catalytic
V behavior and a similar calibration curve for determining nitrite.
or Mb-SWCNTs-CTAB films, the linear range was 6.61 × 10−6

o 3.88 × 10−4 M with a detection limit of 2.20 × 10−6 M, while
or Hb-SWCNTs-CTAB films the linear range was 6.46 × 10−6 to
.82 × 10−4 M with detection limit of 2.15 × 10−6 M.

.4. Amperometric determination of H2O2 and NO2
−

The electrocatalytic reduction of hydrogen peroxide at protein-
WCNTs-CTAB film electrodes was also studied by amperometry.
he potential dependence of amperometric signal was tested in
he range from −0.05 to −0.60 V. The steady-state reduction cur-
ent increased as the applied potential decreased from −0.05 to
0.50 V, which was due to the increased driving force for the fast
eduction of H2O2 at low potential. The response approached maxi-
um at −0.40 V, so we selected this value as the working potential.

ig. 12(A) illustrates a typical amperometric response of the HRP-
WCNTs-CTAB film electrode at −0.40 V on successive step changes
f H2O2 concentration under stirring. When an aliquot of H2O2 was

v
r
a
c
l

ig. 11. (A) CVs of HRP-SWCNTs-CTAB film electrode in pH 7.0 PBS containing different con
.03 × 10−5, 4.52 × 10−4, 7.50 × 10−4, 1.40 × 10−3, 2.68 × 10−3, 3.93 × 10−3 M. (B) Plot of
eak current and the concentration of NO2

− .
7 × 10−6 to 4.84 × 10−5 3.57 × 10−7 0.20
6 × 10−5 to 1.34 × 10−4 7.87 × 10−6 0.13
2 × 10−5 to 1.67 × 10−4 8.07 × 10−6 0.11

dded, the reductive current rose steeply to reach a stable value. The
lectrode achieved 95% of steady-state current within 4 s. The cur-
ent had a linear relationship with the concentration of H2O2 for
he protein-SWCNTs-CTAB films. The linear ranges were 1.23 × 10−5

o 1.45 × 10−4 M with the slope of 0.133 �A �M−1 and the detec-
ion limit of 3.69 × 10−6 M for HRP-SWCNTs-CTAB films (Fig. 12(B)),
.46 × 10−5 to 1.69 × 10−4 M with the slope of 0.112 �A �M−1 and
he detection limit of 7.38 × 10−6 M for Hb-SWCNTs-CTAB films,
nd 2.76 × 10−5 to 2.44 × 10−4 M with the slope of 0.094 �A �M−1

nd the detection limit of 8.28 × 10−6 M for Mb-SWCNTs-CTAB
lms. Apparently, HRP-SWCNTs-CTAB film is the most sensitive

or detecting H2O2 with the largest slope and the lowest detection
imit, which is qualitatively consistent with the CV results.

The amperometry was also used to determine the concentra-
ion of nitrite. In our experiment, the potential was set at −1.0 V

ersus SCE for the protein-SWCNTs-CTAB films, and the catalytic
eduction currents were followed when aliquots of NO2

− were
dded (Fig. 13(A)). The current had a linear relationship with the
oncentration of NO2

− for the protein-SWCNTs-CTAB films. The
inear ranges were 1.67 × 10−4 to 1.64 × 10−3 M with the slope of

centration of NO2
− , the concentrations of the added NO2

−: from a to g, 6.66 × 10−6,
catalytic peak current vs. concentration of NO2

− . Inset: line relationship between
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Fig. 12. (A) Amperometric response of the HRP-SWCNTs-CTAB film electrode upon successive additions of 7.41 × 10−3 M H2O2 to 6 ml of PBS at −0.50 V. Also shown (inset)
is the magnification of the first four steps. (B) Relationship between response current and the concentration of H2O2, inset: calibration curve for H2O2.
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ig. 13. (A) Amperometric response of the HRP-SWCNTs-CTAB film electrode upo
agnification of the first five steps. (B) Relationship between current and the conce

.06 �A mM−1 and the detection limit of 5.01 × 10−5 M for HRP-
WCNTs-CTAB films (Fig. 13(B)), 3.33 × 10−4 to 1.61 × 10−3 M with
he slope of 2.33 �A mM−1 and the detection limit of 9.99 × 10−5 M
or Hb-SWCNTs-CTAB films, and 3.33 × 10−4 to 1.84 × 10−3 M with
he slope of 2.14 �A mM−1 and the detection limit of 9.99 × 10−5 M
or Mb-SWCNTs-CTAB films. Similarly, HRP-SWCNTs-CTAB film is
he most sensitive for detecting NO2

− with the largest slope and
he lowest detection limit, which is qualitatively consistent with
he CV results.

These analytical parameters such as the linear ranges and the
etection limits are comparable to or improvements in measure-
ents reported by others for the electroanalytical determination

f hydrogen peroxide [20,35] and nitrite [36,37] with the carbon
anotube modified electrodes. In addition, the biosensors exhib-

ted good sensitivities and rapid response for H2O2 and NO2
− in

he absence of mediator. And the preparation method of modified
lectrode is comparable easy. It is suitable for the fabrication of the
hird generation biosensors.

.5. Stability and reproducibility of the modified electrodes

The stability and reproducibility of the protein-SWCNTs-CTAB
lm electrodes were also studied. All the three protein modified
lectrodes can retain constant current values upon continuous
yclic sweep over the potential rang from −0.8 to 0.3 V. The peak

urrent decreased with the increase of storage time, when the elec-
rode was stored in air for about 2 weeks, the electrode can still
etain about 78% of initial response. These may be attributed to
he aspect that the SWCNTs were stable in the CTAB and the CTAB
an retain the biological activity of heme proteins. The fabrication

P
o
t
G

cessive additions of 0.2 M NO2
− to 6 ml PBS at −1.0 V. Also shown (inset) is the

on of NO2
− , inset: calibration curve for NO2

− .

f 7 Mb-SWCNTs-CTAB electrodes, made independently, showed
n acceptable reproducibility with a R.S.D. of 2.67% for the current
etermined at a H2O2 concentration of 5.0 × 10−5 M and 3.12% at a
aNO2 concentration of 1.0 × 10−4 M.

. Conclusions

In this paper, different protein-SWCNTs-CTAB film modified
lectrodes were constructed by casting the mixture of heme pro-
ein solutions and SWCNTs-CTAB suspensions onto the surface of
CE. The protein-SWCNTs-CTAB films have been characterized by
ifferent technologies. The proteins immobilized in SWCNTs-CTAB
lms showed direct cyclic voltammetric responses. The experiment
esults indicate that effective electron transfer rate involving the
eme Fe(III)/Fe(II) redox couples on the SWCNTs-CTAB film mod-

fied electrode is much faster than those for proteins on bare GCE
lectrodes. The protein-SWCNTs-CTAB films were quite stable, and
he proteins retained their native states in the SWCNTs-CTAB films.
ood electrocatalytic properties of the protein-SWCNTs-CTAB films

owards hydrogen peroxide and nitrite showed that the films have
promising potential in fabricating the third generation biosensor
ased on the direct electrochemistry of enzymes.
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a b s t r a c t

A novel disposable third-generation hydrogen peroxide (H2O2) biosensor based on horseradish peroxidase
(HRP) immobilized on the gold nanoparticles (AuNPs) electrodeposited indium tin oxide (ITO) electrode is
investigated. The AuNPs deposited on ITO electrode were characterized by UV–vis, SEM, and electrochem-
ical methods. The AuNPs attached on the ITO electrode surface with quasi-spherical shape and the average
size of diameters was about 25 nm with a quite symmetric distribution. The direct electron chemistry of
vailable online 30 September 2008

eywords:
old nanoparticles

ndium tin oxide
irect electron transfer

HRP was realized, and the biosensor exhibited excellent performances for the reduction of H2O2. The
amperometric response to H2O2 shows a linear relation in the range from 8.0 �mol L−1 to 3.0 mmol L−1

and a detection limit of 2 �mol L−1 (S/N = 3). The Kapp
M value of HRP immobilized on the electrode sur-

face was found to be 0.4 mmol L−1. The biosensor indicates excellent reproducibility, high selectivity and
long-term stability.
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orseradish peroxidase
isposable biosensor

. Introduction

Hydrogen peroxide (H2O2) is not only a by-product of several
ighly selective oxidases, but also an essential mediator in food,
iology, medicine, industry and environmental analysis [1]. The
ensitive and accurate determination of H2O2 is becoming of prac-
ical importance. Many techniques have been developed for the
etermination of H2O2. Among these procedures, electrochemi-
al technique based on enzyme biosensors has been extensively
mployed for determination of H2O2 with simplicity, intrinsic
electivity and sensitivity [2,3]. As a result of the easy availabil-
ty in high purity and low cost, horseradish peroxidase (HRP) has
een the most widely studied in the development of enzyme-based
mperometric biosensors [1,4–6].

However, the utility of an enzyme-based electrode may be lim-
ted by the gradual fouling of its surface and/or loss of enzyme
ctivity. Such a problem can be minimized with the use of dis-
osable electrodes. The most commonly amperometric disposable
lectrodes based on HRP enzyme for the analysis of H2O2 were

ainly constructed by screen-printed carbon electrodes. Unfortu-

ately, redox enzymes usually exhibit sluggish electron transfer
t conventional electrode surfaces due to their three-dimensional
tructure, the shielding of redox active centers by their insulated

∗ Corresponding author. Tel.: +86 512 65880354.
E-mail address: djw@suda.edu.cn (J. Di).
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© 2008 Elsevier B.V. All rights reserved.

rotein shells and unfavorable orientation on the electrode sur-
ace [7]. The disposable amperometric HRP biosensors were usually
ased on mediators. Gao et al. [8] constructed the disposable
iosensor using multilayer HRP enzymes which covalently immo-
ilized onto the surface of amino groups modified screen-printed
arbon electrode. Morrin presented an effective, facile method for
iosensor fabrication by drop-coating conducting non-diffusion
ANI/DBSA mediator and enzyme simultaneously onto dispos-
ble screen-printed carbon electrodes [9]. Such mediated peroxide
iosensors could facilitate the electron transfer and provide low-
etection limit, but it is inconvenient to add a mediator in the

abrication process and reduce the reaction selectivity due to medi-
tors [10].

Gold nanoparticles (AuNPs) are used increasingly in many elec-
rochemical applications since they have the ability to enhance
he electrode conductivity and facilitate the electron transfer, thus,
mproving the analytical selectivity and sensitivity. Especially the
mall size and biocompatible ability of AuNPs allows them utilized
idely as a base in modification of various biosensors to promote

he direct electron transfer (DET) of some proteins, such as HRP
1,11,12], hemoglobin [13], myoglobin [2], glucose oxidase [14,15]
nd superoxide dismutase [16,17]. AuNPs can assist in construct-

ng an interface for DET of redox-active proteins while retaining
heir bioactivity, operating simplicity without mediator and low
xpense of fabrication. The incorporation of the HRP with AuNPs in
he matrix produces very satisfying results with enhanced sensitiv-
ty, high reproducibility, wide linearity and a low-detection limit.
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owever, there is less report of screen-printed electrode design
ased on HRP and AuNPs. Tangkuaram developed a highly stable
2O2 biosensor on screen-printed carbon electrode based on HRP
ound with AuNPs in the matrix of chitosan [18].

Another attractive approach for fabricating the disposable
iosensors is to use indium tin oxide (ITO) electrode as the substrate
ue to their prominent electrochemical and physical characteris-
ics, as well as low cost [19–21]. Zhang has reported the disposable
2O2 biosensors based on ITO electrode. One method is to immobi-

ize HRP enzyme in colloidal AuNPs modified chitosan membrane
o modify ITO electrode [22]. Another method is based on coen-
rapment of enzyme and mediator by gold nanoparticles on ITO
lectrode [23]. Although this served an effective method for fabri-
ation disposable biosensors, the mediators cannot be avoided even
hough using AuNPs.

As usually, the approaches for AuNPs grown onto ITO coated
lass were assembling with polymer [24] and seed-mediated
rowth method [25]. Electrochemical deposition could provide an
asy and rapid alternative for the preparation of gold nanoparti-
les electrodes in a short time. However, the size of the AuNPs
s very large (114–217 nm) [26], which are not very suitable to
mmobilize enzyme for fabrication biosensors. In the present paper,

e develop the method for direct electrochemical deposition of
uNPs on the low-cost ITO substrate to fabricate AuNPs modified

TO electrode. The AuNPs formed on the electrode surface were
haracterized by UV–vis, SEM, and electrochemical methods. HRP
nzyme was chemically adsorbed on the self-assembled monolay-
rs by l-Cysteine (Cys) on the AuNPs/ITO electrode. The optimized
onditions for the fabrication and electrochemical behaviors of the
nzyme electrode were studied. As far as we know, there is no report
bout disposable H2O2 biosensor based on the DET of HRP on ITO
lectrode facilitated by AuNPs.

. Experimental

.1. Reagents

Potassium aurous cyanide (KAu(CN)2) was obtained from Soo-
how university special Chemical Reagent Co. Ltd. 2.0 mmol L−1

Au(CN)2 solution was prepared by dissolving 0.0576 g KAu(CN)2
n 100 mL of deionized water. HRP (EC 1.11.1.7, 250 units mg−1)
as purchased from Shanghai Chemical Reagent Factory (Shang-
ai, People’s Republic of China). A 3.5 mg mL−1 HRP stock solution
as stored at 4 ◦C. 0.05 M phosphate buffer solutions (PBS, pH 6.85),
hich were prepared from Na2HPO4 and KH2PO4, were always

mployed as supporting electrolyte. l-Cysteine was obtained from
uoyao Chemical Regent Co. Ltd. (Shanghai, China). The Cys aque-
us solution was freshly prepared and deoxygenated by bubbling
ure N2 gas for about 10 min prior to use. H2O2 (30% w/v solution)
as purchased from Shanghai Chemical Reagent Company (Shang-
ai, People’s Republic of China), and the fresh solutions of H2O2
ere prepared daily. All other chemicals employed were of ana-

ytical grade and used without further purification. All solutions
ere made up with doubly distilled deionized water throughout

his study.

.2. Apparatus

Indium tin oxide (ITO) glass (1.1 mm thickness, less than 100 �
esistance) was purchased from Conduc Optics and Electronics

echnology Company. All electrochemical experiments were per-
ormed with a CHI830 electrochemical workstation (Shanghai
henhua Apparatus Inc., China). A homemade three-electrode cell
as used with the enzyme electrode (0.6 cm × 0.6 cm) as a working

lectrode, a platinum foil as the counter electrode and a satu-
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ated calomel electrode (SCE) as the reference. All potentials were
eported with respect to the reference electrode. All electrochem-
cal experiments were carried out in 10 mL 0.1 mol L−1 phosphate
uffer solutions (PBS, pH 6.85) at room temperature. A magnetic
tirrer was used to stir the testing solution during the amperometric
xperiments. All experimental solutions were deaerated by nitro-
en gas for at least 15 min, and a nitrogen atmosphere was kept
ver the solutions in the cell to protect the solution from oxygen
uring the measurements.

Scanning electron microscopy (SEM) was run with an S-4700
canning electron microanalyzer (Hitachi, Japan). The samples were
oated with thin Au film to well characterize the film. Optical
pectra were acquired on a TU-1810 spectrophotometer (Beijing
urkinje General Instrument Co. Ltd).

.3. Preparation of gold-nanoparticle electrode

A sheet of ITO (3 cm × 0.6 cm) was firstly pretreated according
o the method described in our previous work [16]. It was soni-
ated with dilute ammonia, deionized water, absolute ethanol and
eionized water for about 5 min, respectively. Then the certain
art of ITO glass sheet was immersed into the solution: 0.3 mL
.0 mmol L−1 KAu(CN)2 solution, 0.5 mL phosphate buffer solutions
PBS, pH 8.0) and deionized water in a total of 5.0 mL. The mixed
olution was deaerated by nitrogen gas for about 5 min. The upper
art of the ITO electrode was directly connected with electrochem-

cal workstation. The electrodeposition experiment was carried out
n the electric-heated thermostatic water bath at 50 ◦C. The gold-
anoparticle electrode was prepared in the potential range of −0.4
o −1.3 V for 20 circles at a scan rate of 50 mV s−1.

.4. Fabrication of HRP/Cys/AuNPs/ITO electrode

The prepared AuNPs modified ITO electrode was firstly
mmersed in a 10 mmol L−1 aqueous solution of Cys for 4 h in
he fridge at 4 ◦C to self-assemble a monolayer of thiols on the
uNPs/ITO electrode. A Cys monolayer was chemisorbed onto the
uNPs. Then the electrode was thoroughly rinsed with water to
emove physically adsorbed Cys. Finally, the Cys/AuNPs/ITO elec-
rode was incubated in 3.5 mg mL−1 HRP for 8 h in the fridge at 4 ◦C
o fabricate the HRP/Cys/AuNPs/ITO electrode. After rinsed clearly
ith twice-distilled deionized water, the enzyme electrodes were

tored at 4 ◦C in a refrigerator when not in use.

. Results and discussion

.1. Characteristics of AuNPs electrodeposited on ITO electrode

SEMs were used to evaluate the physical appearance and surface
haracteristics of AuNPs on electrode surfaces. Fig. 1 illustrates the
ypical SEM images of AuNPs/ITO (a) and Cys/AuNPs/ITO (b) elec-
rode surfaces at high magnification. As can be seen, many spherical
old nanoparticles are electrodeposited on the ITO film coated glass
urface (Fig. 1a). The AuNPs prepared by this method are similar to
hat made by seed-mediated growth [2,25]. The average diameter
f these spherical nanoparticles is about 25 nm with a quite sym-
etric distribution. It is much smaller than that of the report [26],
hich also used the electrodeposition method. The AuNPs size is a

ery important factor for the performance of enzyme electrode. It
s reported that the small size AuNPs (20 and 24 nm, respectively)

esults in a higher catalytic capability of HRP based biosensors than
arger-sized AuNPs [27,28]. The size of AuNPs has not shown marked
ifference after soaking in Cys aqueous solution (Fig. 1b). These

ndicate clearly that the moderate size AuNPs can be effectively
ormed on the ITO electrode surface through electrodeposition.
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Fig. 1. SEM images of AuNPs/ITO (a) and Cys/AuNPs/ITO (b) electrodes.

UV–vis spectra of the electrodeposited AuNPs are shown in
ig. 2. The AuNPs on the ITO coated glass shows a strong sur-
ace plasmon band at 540 nm (Fig. 2a). The absorbance maximum
as a little red shift compared with that of the similar size AuNPs
ade by colloidal methods [29–31]. This was consistent with Zhao’s

esult [32] that the plasmon resonance was shifting to the red for

nm when AuNPs immobilized onto glass slide surfaces. The opti-
al properties of metal nanoparticles have much to do with the
anoparticle size, shape, and dielectric environment [33]. After self-
ssembled with Cys monolayer (Fig. 2b), the strong surface plasmon

ig. 2. UV–vis absorption spectra corresponding to: AuNPs/ITO (a) and
ys/AuNPs/ITO (b) electrodes.
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ig. 3. Cyclic voltammograms of bare ITO (a) and AuNP/ITO (b) electrodes in N2-
aturated 0.05 mol L−1 H2SO4 solution. Scan rate: 20 mV s−1.

and was located at 533 nm, which shifted to the purple for 7 nm.
onsidering the results of the SEM images, this may attribute to the

nteraction between AuNPs and its ligands, which produce changes
n the nanoparticle’s local dielectric environment [34]. The stability
f the AuNPs modified ITO electrode was also investigated through
he comparison of the spectra. After sonicated for 3 min, the UV–vis
pectrum of the AuNPs electrodeposited on the ITO electrode has
early no change. It is obvious that the AuNPs can be electrode-
osited onto the ITO electrode in high stability.

The characteristic CV responses were measured in N2-saturated
.05 M H2SO4 at the scan rate of 100 mV s−1 for getting the real
urface information of the AuNPs electrodeposited on the ITO elec-
rode. Fig. 3 shows the corresponding CV curves of the bare ITO
a) and AuNPs/ITO (b) electrodes. There is no observable Faradaic
urrent on the bare ITO electrode. The CV of an AuNPs/ITO elec-
rode (Fig. 3b) shows a single oxidation peak at +1.3 V along with
he reduction peak at +0.80 V, which attributes to the reduction
f gold surface oxide. The AuNPs/ITO electrode exhibits the typical
haracteristic cyclic voltammetric curves of the bulk Au. This is sim-
lar to other gold nanoparticles modified ITO electrodes [11,19,35].
his gives another confirmation that the AuNPs are formed on ITO
lectrode surfaces.

Fe(CN)6
3− which undergoes a reversible electrochemical reac-

ion at various electrode, is widely used as an electrochemical probe
o investigate the characteristics of films on electrode surfaces
36,37]. Fig. 4 shows the CVs of different electrodes in 5 mmol L−1

3Fe(CN)6 aqueous solution containing 0.1 M KCl at a scan rate
f 20 mV s−1. At bare ITO electrode, a reversible electrochemical
esponse for Fe(CN)6

4−/3− with a biggish peak potential separation
as observed (Fig. 4a). However, there is a drastic decrease in the
eak potential separation when AuNPs electrodeposited on the ITO
lectrode (Fig. 4b). The peak potential separation, which is inversely
roportional to the electron transfer rate [38], is used for electro-
hemical evaluation of the conductivity of the electrode. Obviously,
he AuNPs electrodeposited on the ITO surface largely enhanced the
onductivity of the electrode.

.2. Direct electrochemistry of HRP at HRP/Cys/AuNPs/ITO
lectrode
The typical CVs of bare ITO, AuNPs/ITO and HRP/Cys/AuNPs/ITO
lectrode in 0.05 mol L−1 PBS solution (pH 6.85) at 100 mV s−1 are
hown in Fig. 5. A pair of well-behaved and nearly symmetric redox
eaks was observed at the HRP/Cys/AuNPs/ITO electrode (Fig. 5c).
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Fig. 6. CVs of the biosensor in 0.05 mol L−1 PBS (pH 6.85) at various scan rates.
The scan rate (from inner to outer) is 10, 20, 50, 100, 200, 400, 600, 800 mV s−1,
respectively. (Inset) Plot of currents vs. scan rate.
ig. 4. CVs of 5 mmol L−1 K3Fe(CN)6 in 0.1 mol L−1 KCl at bare ITO (a) and AuNP/ITO
b) electrodes. Scan rate: 20 mV s−1.

n contrast, there was no cathodic or anodic peak on both bare
TO (Fig. 5a) and AuNPs modified ITO (Fig. 5b) electrodes. In addi-
ion the presence of AuNPs resulted in an obvious increase in the
ackground current due to the increased active electrode area. It
onfirms clearly that the redox peaks of the HRP/Cys/AuNPs/ITO
lectrode are attributed to the direct electron transfer of HRP.
he formal potential Eo ′ of the enzyme electrode, estimated as
Epa + Epc)/2, is 0.080 V versus SCE. The peak-to-peak separation is
.167 V at a scan rate of 100 mV s−1. After successive scanning, no
oticeable change in CVs of this enzyme electrode was observed. It

ndicates that AuNPs in biosensors can provide a biocompatibility
nvironment for enzyme and the smaller particles can benefit the
lectron transfer between HRP and the electrode surface. Further-
ore the special nano-structure of AuNPs may acts as “molecular
ire”, which leads electrons to the redox centers of HRP.

Fig. 6 depicts the typical CVs of the enzyme electrode in
.05 mol L−1 PBS (pH 6.85) at different scan rates. With the increas-

ng potential scan rate, the separation of the anodic and cathodic

eak potential increased. The anodic (Ipa) and cathodic (Ipc) peak
urrents are both linearly proportional to the scan rate (�) from
0 to 800 mV s−1, as displayed in the inset of Fig. 6. The peak-to-
eak separation of HRP also increased with the increase of scan rate

ig. 5. CVs of bare ITO (a), AuNPs/ITO (b) and HRP/Cys/AuNPs/ITO (c) electrodes in
.05 mol L−1 PBS solution (pH 6.85) at 100 mV s−1.

Fig. 7. Typical steady-state response of HRP/Cys/AuNP/ITO electrode on successive
injection of aliquot H2O2 into 10 mL of stirring PBS (pH 6.85).

Fig. 8. Calibration curve of the response of the biosensor to concentration. (Inset)
The linear part of the calibration curve.



1458 J. Wang et al. / Talanta 77 (2009) 1454–1459

Table 1
Determination of H2O2 in plant leaves (n = 3).

Samples Found (mmol L−1) Added (mmol L−1) Total found (mmol L−1) Recovery (%) Spectrophotometry [44] (mmol L−1)

1 0.0532 ± 0.0024 0.050 0.101 ± 0.003 95.6 0.0514
± 0.0

2 ± 0.0
± 0.0
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0.100 0.147

0.0613 ± 0.0031 0.050 0.109
0.100 0.158

igher than 1.0 V s−1. All these results are in accordance with the
ypical surface-controlled or thin-layer electrochemical behavior,
s expected for immobilized systems.

.3. Steady-state amperometric response to H2O2 and calibration

The dependence of the enzyme electrode on the applied poten-
ial for amperometric signal to 0.1 mmol H2O2 was investigated
nitially. In the range between 0.1 and −0.25 V, the response
ncreased first and then reached a pseudo-plateau for lower than
0.15 V. Thus −0.15 V was selected as applied potential in subse-
uent experiments. Under the optimized experimental conditions,
he typical current–time plot of the enzyme electrode resulted from
uccessive injections of H2O2 was observed in the stirred buffer
olution as shown in Fig. 7. When an aliquot of H2O2 was added
nto the stirring buffer solution, the reduction current rose sharply
o reach a steady-state value. The response time (reaching 90% of
he maximum response) was less than 5 s, which indicates a fast
rocess and the immobilized HRP could well catalyze the reduc-
ion of H2O2. It is faster than the reported results of HRP that
mmobilized on gold colloid/cysteine/nafion-modified platinum
isk electrode (10 s) [39] and similar to that of HRP in silica sol–gel
etwork on gold modified electrode [11]. The faster response was
ainly attributed to the follows: first, H2O2 can freely diffuse to

he HRP molecules which are exposed to the surface of AuNPs.
econd, the AuNPs are favorable to the orientation of the HRP
olecule and provide a necessary conductive pathway to transfer

lectrons.
Fig. 8 corresponded to the calibration plot of the biosensor. The

urrents had a good linear relationship with the concentration of
2O2 in the range of 8.0 �mol L−1 to 3.0 mmol L−1 with a corre-

ation coefficient of 0.999. The biosensor has a detection limit of
.0 �mol L−1 estimated at a signal to noise ratio of 3. Tangkuaram
eported the H2O2 biosensors fabricated by modified HRP on dis-
osable screen-printed carbon electrodes with AuNPs and the

inear range of concentration was 10 �mol L−1 to 11.3 mmol L−1

18]. By comparison this result, the proposed biosensor shows sim-
lar low limit and narrow wide of the linear range. This maybe
ttribute to lower load of enzyme in the proposed biosensor than
hat in the screen-printed carbon electrode.

The plot shows a Michaelis–Menten type response when
he concentration of H2O2 is at a higher level. The apparent

ichaelis–Menten constant (Kapp
M ), a reflection of both the enzy-

atic affinity and the ratio of microscopic kinetic constants, can
e obtained from electrochemical version of the Line weaver–Burk
quation [40]. The Kapp

M was determined by analysis of the slope
nd intercept for the plot of the reciprocals of the steady-
tate current versus H2O2 concentration. The Kapp

M value for the
RP/Cys/AuNPs/ITO electrode was found to be 0.4 mmol L−1, which

s smaller than those of 4.51 mmol L−1 for HRP bound with AuNPs
n the matrix of chitosan on screen-printed carbon electrodes [18],

.3 mmol L−1 for HRP/Au colloid self-assembly monolayer elec-
rode [41] and 2.2 mmol L−1 for HRP on TMB/AuNPs modified
TO electrode [22], and close to 0.57 mmol L−1 of HRP based on
hitosan-gold nanoparticle nanocomposite [7]. These results fur-
her show that the biosensor exhibits higher biological affinity to

I
d
t

07 93.8

04 95.4 0.0573
05 96.7

2O2 and the HRP enzyme on the electrode kept its activity with a
ow-diffusion barrier.

.4. Reproducibility and stability

The repeatability of the biosensor was valued at a H2O2 concen-
ration of 0.05 mmol L−1 in 50 mmol L−1 PBS with the same enzyme
lectrode. The relative standard deviation (R.S.D.) was 3.2% for nine
uccessive assays. The electrode-to-electrode reproducibility was
etermined in the presence of the same concentration H2O2 with
ix different enzyme electrodes, prepared independently. It shows
n acceptable reproducibility with a R.S.D. of 4.6%.

The stability of the enzyme electrode was also examined dur-
ng storage in a drying state at 4 ◦C. It was found that the current
esponse remained nearly 83% of its initial value over 12 weeks.
he stability of the biosensor is much better than HRP bound with
uNPs in the matrix of chitosan on screen-printed carbon elec-
rodes [18] or immobilized on AuNPs modified ITO electrode with

ediator [22]. The long-term stability can be attributed to good bio-
ompatibility of AuNPs and strongly interaction between enzyme
nd AuNPs.

.5. Selectivity and real sample analysis

The effect of substances that might interfere with the response
f the biosensor was studied. The selectivity of the biosensor was
xamined in the presence of 0.2 mmol L−1 H2O2. The addition
f the same concentration uric acid, acetaminophen and glucose
id not cause observable interference. While in the presence of
.2 mmol L−1 ascorbic acid the response of the biosensor increased
bout 8%, which interfered slightly. Only 0.05 mmol L−1 sulfide
ecreased the response 21% and has a significant interference. This
esult was similar to previous report [42].

In order to illustrate feasibility of the composite modified elec-
rode in practical analysis, the HRP/Cys/AuNPs/ITO electrode was
sed to detect the H2O2 concentration in the extraction solution of
he plant leaves. The extraction solution of the plant leaves was
repared as follows [43], the fresh plant leaves were first clear,
hen triturated the clear leaves, and finally centrifuged. The deter-

ination was developed by standard addition method. Table 1
hows the determined values and the recovery values. The results
btained by proposed HRP biosensor were also compared to those
etermined by spectrophotometric method [44]. The aliquot of
ample solution was added in the mixture solution which contained
,3′,5,5′-tetramethybenzidine and HRP in acetate buffer (pH 5.0).
he absorbance of the resulting solution at 652 nm was recorded by
pectrophotometer. Analytical recoveries were in the range 93–97%
nd the results are satisfactory by comparison with the reference
ethod.

. Conclusions
The method for direct electrochemical deposition of AuNPs onto
TO electrode surface has been developed. The average size of the
eposited AuNPs is about 25 nm with a quite symmetric distribu-
ion. A disposable electrochemical H2O2 biosensor was fabricated
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y immobilizing HRP on AuNPs/ITO electrode surface in the pres-
nce of Cys. AuNPs is very efficient for retaining the enzyme activity
nd promoting the electron transfer. The direct electron transfer
f HRP in the enzyme electrode was realized and the biosensor
ould catalyze the direct reduction of H2O2. The enzyme electrode
xhibits several good electrochemical characteristics such as short
esponse time, high sensitivity, selectively and long-term stabil-
ty. Based on the AuNPs and low-cost ITO substrate, this proposed

ethod presented here is rapid, easy, and simple. Practically, the
romising platform presented here not only can be used for fab-
ication of disposable biosensors based on HRP, but also can be
xtended to other proteins.
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a b s t r a c t

This paper presents the synthesis of aqueous CdTe QDs embedded silica nanoparticles by reverse
microemulsion method and their applications as fluorescence probes in bioassay and cell imaging. With
the aim of embedding more CdTe QDs in silica spheres, we use poly(dimethyldiallyl ammonium chlo-
ride) to balance the electrostatic repulsion between CdTe QDs and silica intermediates. By modifying
the surface of CdTe/SiO2 composite nanoparticles with amino and methylphosphonate groups, biologi-
cally functionalized and monodisperse CdTe/SiO2 composite nanoparticles can be obtained. In this work,
CdTe/SiO2 composite nanoparticles are conjugated with biotin-labeled mouse IgG via covalent binding.
The biotin-labeled mouse IgG on the CdTe/SiO2 composite nanoparticles surface can recognize FITC-
labeled avidin and avidin on the surface of polystyrene microspheres by protein–protein binding. Finally,
Bioassay the CdTe/SiO2 composite nanoparticles with secondary antibody are used to label the MG63 osteosarcoma
cell with primary antibody successfully, which demonstrates that the application of CdTe/SiO2 composite
nanoparticles as fluorescent probes in bioassay and fluorescence imaging is feasible.
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. Introduction

Quantum dots (QDs), also named semiconductor nanocrystals,
how great potentials as a new type of labeling and imaging mate-
ial in biological and biomedical applications for their unique
ptical properties such as size tunable fluorescence and narrow
nd symmetric emission profile with a broad excitation range [1–3].
owever, QDs are still facing some unsolved problems as follows:
ltra-sensitivity of their fluorescence to the surface states, cytotox-

city of heavy metal ions used in the process of synthesis which are
eleased upon photo-oxidation, and chemical and colloidal insta-
ilities in harsh chemical environments [2]. So depositing a layer
ith the capability of impeding surface ruin of QDs and inhibiting

elease of heavy metal ions are effective ways to solve the problems.
ilica is one of the most popular inert materials for surface coat-
ng, which has several particular advantages compared with other

aterials. Firstly, silica is a non-toxic substance and can be eas-
ly modified with functionalized groups which can conjugate with

iomolecules. Secondly, because of the resistance of silica to both
queous (except extremely high-pH solution) and non-aqueous sol-
ents, leakage can be avoided [4]. Finally, silica nanoparticles are
asy to be separated by centrifugation during preparation, func-
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ionalization, and other solution treatment processes due to high
ensity of silica [5].

Up to the present time, there are mainly two kinds of routes for
reparing silica spheres. One is Stöber process-based approaches,
he other is reverse microemulsion method. Stöber process is diffi-
ult to apply when nanoparticles are insoluble in the alcohol–water
olution. So for QDs synthesized by organometallic method, lig-
nd exchange is usually required prior to the Stöber process [6–9],
hich is commonly associated with a decrease of fluorescent effi-

iency of QDs. For aqueous QDs, the Stöber process can be directly
tilized to synthesize both QDs@SiO2 core–shell structure [10] and
raisin-bun”-type submicrometer-size composite spheres [11]. Pre-
ious investigations revealed that the size of QDs/SiO2 particles
ynthesized by Stöber method can be controlled by the thickness
f the silica shell over the range from a few nanometers to sev-
ral micrometers, but multi-step procedures were required [2],
nd the size distribution of the QDs/SiO2 particles is not fairly
arrow.

As an alternative method, reverse microemulsion method uti-
izes water-in-oil microemulsions where the silica spheres are
ynthesized by the hydrolysis of tetraethoxysilane (TEOS), followed

y its condensation in the water nanodroplets [12]. Nanoparticles
2], chelates [13], and organic dye molecules [14] can be encap-
ulated by silica spheres as long as they are soluble in water.
ecently, Ying and his co-workers [3,15] reported a reverse micelle-
ased approach for synthesizing silica-coating hydrophobic QDs
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nd varieties of hydrophobic nanoparticles. So both aqueous and
on-aqueous nanoparticles can be introduced into silica spheres
y reverse microemulsion method. Using this method, more uni-
orm spheres in the size range of 30–150 nm (particle in this size
ange can penetrate the cells) can be obtained comparing with
he Stöber process. Simultaneously, the reaction condition of the
everse microemulsion method is relatively robust, and the result-
ng silica spheres have smoother surfaces [16]. So the study on the
ynthesis of CdTe/SiO2 composite nanoparticles with high fluores-
ence emission by reverse microemulsion method is expected to
e quite significant, and few reports [18–20] are available on the
pplications of CdTe/SiO2 composite nanoparticles as fluorescent
robes.

In this work, we embedded aqueous CdTe QDs in silica spheres
y reverse microemulsion method and functionalized the sil-
ca spheres as photostable fluorescent probes were applied to
iological labels. High-quality CdTe QDs were synthesized with
ercaptosuccinic acid (MSA) as stabilizer which can accelerate

he growth of CdTe QDs [21]. As the intermediate silica species
an carry negative charges at pH 11, the same pH as CdTe QDs
tabilized by MSA, only one QD can be coated by silica sphere
1], which may weaken the fluorescence intensity of CdTe@SiO2
ore–shell nanoparticles and limit their applications. With the
im of embedding more CdTe QDs in silica spheres, we used
oly(dimethyldiallyl ammonium chloride) (PDDA) to balance the
lectrostatic repulsion between CdTe QDs and silica intermediates,
hich enhanced the fluorescence intensity of CdTe/SiO2 compos-

te nanoparticles effectively. Subsequently, we modified the surface
f silica spheres with 3-aminopropyltrimethoxysilane (APS) and
-(trihydroxysilyl)-propylmethylphosphonate (THPMP). The mod-

fied surface of silica nanoparticles has amino groups as functional
roups which combine with biomolecules and methylphosphonate
roups as stabilizing groups which reduce aggregation of silica
anoparticles [17]. The CdTe/SiO2 composite nanoparticles were

inked with biotin-labeled mouse IgG via covalent binding. Fur-
hermore, they can recognize FITC-labeled avidin and avidin on
he surface of polystyrene microspheres successfully through the
igh affinity between avidin and biotin. Finally, the CdTe/SiO2 com-
osite nanoparticles were used to label the MG63 osteosarcoma
ell, which demonstrates the application of CdTe/SiO2 composite
anoparticles as fluorescent probes in bioassay and fluorescence

maging is feasible.

. Experimental

.1. Materials

All chemicals used are of analytical reagent grade with-
ut further purification. Mercaptosuccinic acid (MSA) (99%)
nd poly(dimethyldiallyl ammonium chloride) (PDDA, Mw =
0,000 g/mol) were purchased from J&K Chemical Co. Tellurium
owder (∼200 mesh, 99.8%), CdCl2 (99%), NaBH4 (99%), cyclo-
exane, Triton X-100, n-hexanol, tetraethoxysilane (TEOS),
-aminopropyltrimethoxysilane (APS), 3-(trihydroxysilyl)-
ropylmethylphosphonate (THPMP), fluorescamine, biotin-labeled
ouse IgG, FITC-labeled avidin, avidin, poly(sodium 4-styrene

ulfonate) (PSS, Mw = 70,000 g/mol), and negatively charged
ulfate-stabilized polystyrene (PS) microsphere of average diam-
ter 3 �m, were purchased from Sigma–Aldrich Chemical Co.
he primary antibody (�-actin raised against gizzard actin of

hicken origin) was purchased from Santa Cruz Biotechnology Inc.
he secondary antibody (rabbit anti-chicken IgG) was purchased
rom Beijing Ding Guo Biotech. Co. Ltd. The MG63 osteosarcoma
ells in the cell culture medium were obtained from the key
aboratory of pathobiology ministry of education, Jilin University.
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he water used in all experiments has a resistivity higher than
8 M�/cm.

.2. Instrument

Fluorescence measurements were performed on a ShimadzuRF-
301 PC spectro fluorophotometer. UV–vis absorption spectra were
btained using a Varian GBC Cintra10e UV–visible spectrome-
er. In both experiments, a 1-cm path-length quartz cuvette was
sed. Transmission electron microscopy (TEM) and high-resolution
ransmission electron microscopy (HRTEM) images were obtained
ith a JEOL-3010 electron microscope operating at 300 kV. TEM

amples were prepared by dropping the CdTe/SiO2 composite
anoparticles dispersed in absolute ethanol solution onto carbon-
oated copper grids, while the excess solvent evaporated. A
ynamic light scattering technique (Nano ZS model, ZEN 3600,
alvern Instruments) was used to determine the hydrodynamic

adius and zeta potential of CdTe/SiO2 composite nanoparticles. The
article size and zeta potential were analyzed using a dilute sus-
ension of particles in water with resistivity higher than 18 M�/cm.
luorescence microscopy was carried out using an inverted optical
icroscope (Leica DM IRB, Germany) equipped with a charge-

oupled device camera (TOTA 500 II, Japan) and a 100-W Hg
xcitation lamp. All optical measurements were carried out at room
emperature under ambient conditions.

In this experiment, the fluorescence intensities are reported in
rbitrary units, the experimental parameters within a given experi-
ent are the same and the fluorescence intensities are comparable
ithin a given experiment.

.3. Preparation of CdTe QDs

CdTe QDs were synthesized by refluxing routes as described
n detail in Ref. [21]. Briefly, the precursor solution of CdTe QDs
as formed in water by adding fresh NaHTe solution to 10-mM
2-saturated CdCl2 solution at pH 11.2 in the presence of MSA as

tabilizing agent. The molar ratio of Cd2+/MSA/HTe− was charged
t 1:1.5:0.2. The CdTe precursor solution was subjected to reflux at
00 ◦C under open-air conditions with condenser attached, and dif-
erent sizes of CdTe QDs were obtained at different refluxing times.
he synthesis of CdTe QDs with MSA as stabilizer was less-time
onsuming and the obtained QDs had high quantum yield [21]. The
hotoluminescence (PL) emission wavelengths of CdTe QDs used in
his study are 591 nm and 633 nm, respectively. The mean diame-
ers of QDs with PL emission wavelength at 591 nm and 633 nm are
.3 nm and 3.8 nm, respectively [21].

.4. Synthesis of CdTe/SiO2 composite nanoparticles

The CdTe/SiO2 composite nanoparticles were prepared by
everse microemulsion method at room temperature. In this
ethod, cyclohexane was used as a continuous phase, and Triton

-100 and n-hexanol were regarded as surfactant and co-surfactant
espectively. Briefly, we mixed 7.5 mL cyclohexane, 1.77 mL Triton
-100, 1.8 mL n-hexanol, 400 �L aqueous solution of as-prepared
dTe QDs, certain amount of PDDA solution (0.075%, v/v) and 60 �L
H4OH to form microemulsion. Then adding 100 �L TEOS to the
icroemulsion system to initiate the hydrolysis, the reaction pro-

ressed in the dark for 24 h of stirring. The microemulsion was
roken by adding 20 mL of acetone to the reaction system and

he resultant precipitate was CdTe/SiO2 composite nanoparticles
hich were washed in sequence with iso-propyl alcohol, ethanol

nd water. During each washing procedure, the silica compos-
te nanoparticle dispersion was first subjected to high-velocity
entrifugation (8000 rpm, 10 min), followed by decantation of the
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TEOS. The electrostatic forces of repulsion between the negatively
charged silica intermediates and negatively charged CdTe QDs dur-
ing the hydrolysis step of TEOS were not negligible [1,2]. Before
TEOS was introduced into the reaction system, the electrostatic
forces of repulsion between the negatively charged CdTe QDs were
360 C. Wang et al. / Tala

upernatant and re-dispersion of the precipitate in the next sol-
ent with the aid of supersonication. Ultimately, aqueous dispersed
dTe/SiO2 composite nanoparticles were obtained for further char-
cterization.

.5. Surface functionalization of CdTe/SiO2 composite
anoparticles

Surface functionalization of CdTe/SiO2 composite nanoparti-
les is important for further application as fluorescent biomarkers.
nitially, we added 50 �L TEOS to the reaction system after the
ydrolysis of TEOS for 24 h. After stirring for 30 min, 10 �L APS
nd 40 �L THPMP were injected into the reaction system. The
eaction system was then kept under stirring for one more day.
he resultant amine-functionalized CdTe/SiO2 composite nanopar-
icles were washed by the same purification procedures as those

entioned above. The presence of surface amino groups of the
omposite nanoparticles was proved by fluorescamine.

.6. Covalent binding of the biotin-labeled mouse IgG with
dTe/SiO2 composite nanoparticles

The biotin-labeled mouse IgG was connected with the amino
roups on the surface of the CdTe/SiO2 composite nanoparticles
y glutaraldehyde [13,22]. Amino-modified CdTe/SiO2 composite
anoparticles were suspended in phosphate buffer (2 mM PBS, pH
.4). We added 100 �L 1% glutaraldehyde to the 100 �L CdTe/SiO2
omposite nanoparticles solution vibrating for 1 h. Then 200 �L
iotin-labeled mouse IgG (1%, v/v) was incubated with amine-
ctivated silica composite nanoparticles for 12 h at 4 ◦C. After that,
mg of NaBH4 was added, and the mixture was vibrated at room

emperature for 2 h. Here, biotin-labeled mouse IgG was cova-
ently bonded to the CdTe/SiO2 composite nanoparticles. At last,
he nanoparticles were centrifuged and washed with the PBS sev-
ral times to remove the excess biotin-labeled mouse IgG, and kept
n the dark at 4 ◦C.

.7. Protein–protein binding between biotin-labeled mouse IgG
n the surface of CdTe/SiO2 composite nanoparticles and
ITC-labeled avidin

The biotin-labeled mouse IgG-modified CdTe/SiO2 composite
anoparticles (biotin-silica NPs) were blocked with 100 �L PBS and
SA (1%, w/v). Then different volumes of FITC-labeled avidin solu-
ion (1 �g/mL) were added to the 100 �L solution. The mixture was
iluted with PBS to 1 mL and incubated for 12 h at 4 ◦C. Finally, the
ixture was centrifuged to remove the excess FITC-labeled avidin,

nd re-dispersed with 1 mL PBS to measure the PL emission of FITC.

.8. Bioassay

Layer-by-layer method was utilized for immobilizing avidin on
S microspheres (PS-avidin microspheres). The first step is the
eposition of 200 �L 2 mg/mL PDDA and PSS onto the PS micro-
pheres alternately [23]. Then four-layer (PDDA/PSS/PDDA/PSS,
E4) polyelectrolyte film provided both a smooth and uniform
egatively charged outer surface to facilitate the adsorption of
he positively charged avidin by electrostatic attraction. By using
vidin solution (0.1 mg/mL), tri-layer (avidin/PSS/avidin) film was

eposited on the surface of PS microspheres in the same way. Dur-

ng each deposition process, the microspheres were washed twice
ith 1 mL PBS by centrifugation (3000 rpm, 10 min). At last, the PS-

vidin microspheres were dispersed with 1 mL PBS and BSA (1%,
/v) for the next bioassay.

F
c

(2009) 1358–1364

We took 100 �L biofunctional biotin-silica NPs solution, adding
ifferent amounts of PS-avidin microspheres to the solution, which
ere vibrated overnight at 4 ◦C. By high-binding activity between

vidin and biotin, the PS-avidin microspheres can be combined
ith biotin-silica NPs. After supersonic dispersion of mixture, cen-

rifugation (2000 rpm, 10 min) was used to separate the PS-avidin
icrospheres/biotin-silica NPs (PS-silica spheres) from the excess

iotin-silica NPs. The PS-silica spheres were resuspended in 1 mL
BS and sonicated before detection.

.9. Cell labeling experiment

The MG63 osteosarcoma cells were cultured (5% CO2 at 37 ◦C)
n glass coverslips in 24-well plate in cell culture medium. When
he cultured cells reached about 50–60% confluence, 2 �L primary
ntibodies (�-actin) were added to the well with 200 �L cell cul-
ure medium. After 12 h, 10 �L CdTe/SiO2 composite nanoparticles
onjugated with secondary antibody (rabbit anti-chicken IgG) solu-
ion were added into the same well, and incubated for 6 h. After
ashing with PBS for three times, the cells were fixed with 2.5%

lutaraldehyde for 10 min at room temperature. After washing with
BS for three times, the coverslips with cells were mounted onto
lass slides and allowed to dry overnight prior to investigation by
uorescence microscopy.

. Results and discussion

.1. Photoluminescence properties of CdTe/SiO2 composite
anoparticles

The UV–vis and PL emission spectra of CdTe/SiO2 composite
anoparticles and CdTe QDs were shown in Figs. 1 and 2, respec-
ively. It can be seen that the position of the PL emission peak of
dTe/SiO2 composite nanoparticles was nearly invariant, though
he PL emission intensity of the composite nanoparticles was much
eaker than that of CdTe QDs. The possible explanation to this phe-
omenon may be that the interaction between the silica networks
nd QDs exists in the composite nanoparticles, which is unfavorable
or the fluorescence emission of the QDs.

The quantity of CdTe QDs embedded in the CdTe/SiO2 com-
osite nanoparticles is determined in the hydrolysis process of
ig. 1. The UV absorption spectra of CdTe QDs and CdTe/SiO2 composite nanoparti-
les.
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ig. 2. The PL emission spectra of CdTe QDs and CdTe/SiO2 composite nanoparticles.

creened by the positive charge from the background cations, NH4
+,

nd Na+, making the whole system in the condition of electrostatic
quilibrium, which was consistent with the aqueous solution of
dTe QDs that can exist stably for over years. However, after addi-
ion of TEOS into the reaction system, TEOS can cross the oil–water
nterface by diffusion and start to hydrolyze upon the catalysis of
mmonia. And the partly hydrolyzed TEOS molecules are strong
ydrophilic which will enter the aqueous phase completely. The
ucceeding condensation between hydrolyzed species in reverse
icro-micelles results in silica oligomers, which are regarded as

egatively charged polyelectrolyte as the pKa of the silanol groups
ere reported to be 7 approximately. Therefore, the former condi-

ion of electrostatic equilibrium was disturbed. With the process of
ondensation, the silica oligomers evenly distributed throughout
he whole micro-micelle, and the local negatively charged back-
round would reduce the screen between different CdTe QDs. So
ost of the CdTe QDs will be driven to the boundary of the aqueous
icrodroplet, and the washing processes can remove the QDs from

he surface of composite nanoparticles.
Therefore, we wanted to introduce a kind of polycation, which

ill not affect the PL emission of CdTe QDs, and can keep the elec-
rostatic balance during the process of condensation. PDDA is the
ppropriate one that we needed, because many quaternary ammo-

ium cations exist in its solution which can balance the electrostatic

nteractions between the silica oligomers and CdTe QDs. We intro-
uced different amounts of PDDA to optimize the PL emission

ntensity of CdTe/SiO2 composite nanoparticles and the results are

ig. 3. The change of PL emission spectra with different amounts of PDDA added to
he reverse microemulsion system.
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ig. 4. The TEM image of CdTe/SiO2 composite nanoparticles. The insert is the
RTEM image of a part of CdTe/SiO2 composite nanoparticles.

ndicated in Fig. 3. From Fig. 3, it can be seen that suitable amount of
DDA can screen the electrostatic repulsion effectively during the
rocess of hydrolysis, thus the PL emission property of CdTe/SiO2
omposite nanoparticles is improved. Without PDDA, only one CdTe
D can be coated by the silica sphere [1], which may weaken the
uorescence intensity of CdTe@SiO2 core–shell nanoparticles and

imit their applications. Oppositely, excess amount of PDDA can
ake CdTe QDs precipitate so as to lower the PL emission intensity

f CdTe/SiO2 composite nanoparticles. Thus by introducing 40 �L
DDA (0.075%, v/v) into the reverse microemulsion system, we
btained the optimal PL emission intensity of CdTe/SiO2 compos-
te nanoparticles. Furthermore, through images of HRTEM and TEM
f CdTe/SiO2 composite nanoparticles shown in Fig. 4, we proved
he CdTe QDs were indeed embedded in silica spheres. From the
RTEM image (Fig. 4 insert), the black spot can be seen in the silica
omposite nanoparticles and the size of the black spot is the same
s the size of CdTe QDs used (3.3 nm). So we can conclude that
dTe QDs have been embedded in silica nanoparticles successfully
y reverse microemulsion method.

.2. Surface modification of CdTe/SiO2 composite nanoparticles

Proper surface modification of silica composite nanoparticles
s important for further biological applications. Various silane-
oupling agents can be connected with the silica composite
anoparticles to functionalize the surface of nanoparticles. In our
tudy, APS was grafted on the surface of CdTe/SiO2 composite
anoparticles to introduce amino groups as the active functional
roups.

In neutral solution, the amino groups have positive charges,
nd silica groups have negative charges. The amine-modified silica
anoparticles can back bond to the surface silanol groups, which
onduces the very low total charges on the silica nanoparticle sur-
ace and no driving force on the nanoparticle surface to keep them
eparated, so the nanoparticles tend to aggregate [17]. To avoid-

ng agglomeration of nanoparticles, the inert stabilizing groups –

ethylphosphonate – were introduced onto the surface of silica
omposite nanoparticles. The majority of amino groups electro-
tatic interact with methylphosphonate groups, which blocks the
ggregation of nanoparticles effectively.
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ig. 5. The influence of ionic strength on the PL emission of CdTe/SiO2 compos-
te nanoparticles (A) and CdTe QDs (B). The influence of pH on the PL emission of
dTe/SiO2 composite nanoparticles (C) and CdTe QDs (D).

We measured the overall surface charges by the zeta potential
nd the average hydrodynamic particle size by dynamic light scat-
ering (DLS) to investigate the dispersion of CdTe/SiO2 composite
anoparticles in solution. From the results, the zeta potential of
dTe/SiO2 composite nanoparticles is −36.9 mV, which can prevent
he aggregation of composite nanoparticles effectively by electro-
tatic repulsion [24]. At the same time, by the DLS measurement,
he average hydrodynamic particle size of CdTe/SiO2 composite
anoparticles is 72 nm, which is more representative actual size
f the composite nanoparticles in solution (the average diame-
er of CdTe/SiO2 composite nanoparticles is 40 nm, as determined
y TEM measurements in Fig. 4) [17]. The size distribution of
dTe/SiO2 composite nanoparticles is quite narrow (Pd I: 0.132),

hich proves that the composite nanoparticles really appear in the

orm of monodisperse species in solution. That was also verified by
he TEM image of the silica composite nanoparticles, from which it
an be seen that the silica composite nanoparticles were kept apart
rom each other.

i
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Q
a

Fig. 6. The photographs of CdTe/SiO2 composite nanoparticles
(2009) 1358–1364

After surface modification of CdTe/SiO2 composite nanoparti-
les, the presence of amino groups on the surface of CdTe/SiO2
omposite nanoparticle was detected by fluorescamine. Fluo-
escamine is not a fluorescent chemical essentially, and it has not
ny fluorescent emission in acetone. Only when fluorescamine
eacts with primary amines, the fluorescence peak at 480 nm can
ppear in the fluorescent spectra. In this study, when fluorescamine
as added into the CdTe/SiO2 composite nanoparticles solution,
esides the PL emission peak of CdTe/SiO2 composite nanoparti-
les, a new high-PL emission peak at 480 nm can also be seen (not
hown). The appearance of a new PL emission peak at about 480 nm
uggests that amino groups were successfully grafted on the surface
f the CdTe/SiO2 composite nanoparticles.

.3. Stability property of the CdTe/SiO2 composite nanoparticles

Under physiological condition, ionic strength and pH are the
mportant parameters of the buffer solution. So the influences of
onic strength and pH on the PL properties of CdTe/SiO2 composite
anoparticles and CdTe QDs were investigated in this study. It is
nown to all, high ionic strength and high acidity will affect the PL
mission intensity of CdTe QDs. Especially, when the pH ≤ 4, the PL
mission intensity of naked CdTe QDs was quenched totally [22].
ig. 5 shows the influence of both ionic strength and pH on the
L emission of CdTe/SiO2 composite nanoparticles and CdTe QDs.
n different ionic strength solution, CdTe/SiO2 composite nanopar-
icles are more insusceptible than naked CdTe QDs. When the
oncentration of NaCl is up to 50 mM, there is still not any precipi-
ation in the CdTe/SiO2 composite nanoparticles solution. As to the
ffect of pH, the CdTe/SiO2 composite nanoparticles exhibit good
tability obviously. When the pH is 4.24, the PL emission intensity
f the silica composite nanoparticles is 60% as compared to that

n alkalescent solution. However, at the same pH, the PL emission
ntensity of CdTe QDs almost decreased to zero. So when the CdTe
Ds were coated by silica, the stability of PL emission of the CdTe
Ds could be enhanced. For higher ionic strength and acidity, H+

nd salt ion in the aqueous solution can slowly permeate through

with amino groups under UV light (A) and daylight (B).
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he silica coatings to affect the PL emission intensity of the CdTe
Ds due to the hydrophilic essence and porous structure of the

ilica. The above-mentioned results indicate that the PL emission
f CdTe QDs can be well protected by the silica network structure
hen CdTe QDs embedded in silica nanoparticles.

The photographs of CdTe/SiO2 composite nanoparticles with
mino groups on their surface under UV light and daylight were
hown in Fig. 6. The bright red fluorescence emitted from CdTe/SiO2
omposite nanoparticles (the emission wavelength is at 630 nm)
an be seen under UV light. The stable, monodisperse and highly
uorescent silica composite nanoparticles as fluorescent probes
pplied in bioassay were studied as follows.

.4. Bioapplicable property of CdTe/SiO2 composite nanoparticles

As mentioned in Section 2, the CdTe/SiO2 composite nanoparti-
les were combined with biotin-labeled mouse IgG by glutaralde-
yde. After centrifuging and supersonic washing, biotin-silica NPs
an be directly applied to the bioassays. For this purpose, a series
f different volumes of FITC-labeled avidin were added to 100 �L
iotin-silica NPs. The FITC-labeled avidin can be captured by the
iotin-silica NPs through the sensitive protein–protein binding
etween biotin and avidin. After reaction, the mixture was cen-
rifuged to remove the excess FITC-labeled avidin, and re-dispersed
ith 1 mL PBS for fluorescence detection, thus the amount of biotin-

ilica NPs is fixed. It can be seen that the fluorescence of FITC and
dTe QDs can be detected simultaneously in the solution as indi-
ated in Fig. 7. The PL emission intensity of FITC increases with the
ncrease of the concentration of FITC-labeled avidin, while the PL
mission intensity of biotin-silica NPs keeps constant. It indicates
hat the amount of FITC-labeled avidin captured by biotin-silica NPs
ncreases with the increase of the concentration of FITC-labeled
vidin, which proved that the biotin-labeled mouse IgG had been
mmobilized on the surface of CdTe/SiO2 composite nanoparti-
les and the protein–protein binding between avidin and biotin
n the surface of CdTe/SiO2 composite nanoparticles occurred. So
he CdTe/SiO2 composite nanoparticles can be considered as flu-
rescence probes labeled with biomolecules which can recognize
he corresponding target biomolecules by means of protein–protein
inding.

Accordingly, we designed the composite structures of PS-avidin,

hich was produced by immobilizing avidin on the surface of

S microspheres. Then CdTe/SiO2 composite nanoparticles were
sed as fluorescence probes to detect the biomolecules (avidin) on
he PS microspheres. As the affinity between avidin and biotin is

ig. 7. The PL emission of biotin-silica NPs reacting with FITC-labeled avidin. The
oncentration of FITC-labeled avidin is 0 �g/mL (A), 0.05 �g/mL (B), 0.09 �g/mL (C),
.105 �g/mL (D), 0.2 �g/mL (E), and 0.3 �g/mL (F), respectively.
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Fig. 8. The fluorescence microscopy image of PS-silica spheres.

ery strong (binding constant, ca.1015 M−1) [23], PS microspheres
an combine with CdTe/SiO2 composite nanoparticles (PS-silica
pheres) through avidin and biotin. In this way, the PS microspheres
an be observed by the fluorescence microscope (Fig. 8) and the
uorescence can be detected by the fluorophotometer (Fig. 9). The
uorescent image (Fig. 8) shows the red fluorescence of CdTe/SiO2
omposite nanoparticles, which proves that the avidin has been rec-
gnized by the biotin on the silica composite nanoparticles. From
ig. 9, we can see that the more PS-avidin added to the biotin-silica
Ps solution, the stronger PL emission intensity of PS-silica spheres

s detected, demonstrating the feasibility of CdTe/SiO2 composite
anoparticles as fluorescence probes in biomedical analysis.

In this study, the CdTe/SiO2 composite nanoparticles were used
o label the MG63 osteosarcoma cells. For this purpose, �-actin
hich was expressed by all eukaryotic cells and existed in cyto-
lasm was used as recognition molecule for the receptors in the
G63 osteosarcoma cells. �-Actin raised against gizzard actin of

hicken origin was used as primary antibody. Rabbit anti-chicken

gG was used as secondary antibody, which was conjugated with
dTe/SiO2 composite nanoparticles. First, �-actin was incubated
ith MG63 osteosarcoma cells for it to be recognized by the cells.

hen CdTe/SiO2 composite nanoparticles with secondary antibody

ig. 9. The PL emission spectra of biotin-silica NPs reacting with PS-avidin. The
dding amount of PS-avidin is 20 �L (A), 50 �L (B), 80 �L (C), 100 �Lb (D), and 180 �L
E), respectively.
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Fig. 10. The bright field (A) and fluorescence microscopy (B) images of

ere incubated with the MG63 osteosarcoma cells. As shown by
he cell fluorescent image in Fig. 10, the cells in the field of view of
he microscope were labeled by the CdTe/SiO2 composite nanopar-
icles, which indicate that CdTe/SiO2 composite nanoparticles can
nter the MG63 osteosarcoma cells via the primary antibody and
econdary antibody binding. The bright field image (Fig. 10A) corre-
ated well with the fluorescence image (Fig. 10B). The results show
hat the CdTe/SiO2 composite nanoparticles are able to perform as
iomarkers for cancer cells fluorescence imaging which is under
urther investigations.

. Conclusions

In this work, CdTe/SiO2 composite nanoparticles have been
uccessfully prepared by inverse microemulsion method. By modi-
ying the surface of CdTe/SiO2 composite nanoparticles with amino
roups and methylphosphonate groups, biologically functional-
zed and monodisperse silica composite nanoparticles can be
btained. Comparing with naked CdTe QDs, the resultant CdTe/SiO2
omposite nanoparticles are relatively stable. Simultaneously,
iotin-labeled mouse IgG immobilized on the surface of CdTe/SiO2
omposite nanoparticles can recognize FITC-labeled avidin and
S-avidin by protein–protein binding. Finally, we label the MG63
steosarcoma cells by CdTe/SiO2 composite nanoparticles suc-
essfully, which demonstrate that the application of CdTe/SiO2
omposite nanoparticles as fluorescent probes in bioassay and
uorescence imaging is feasible. As the fluorescence-labeling
gent, CdTe/SiO2 composite nanoparticles will promote the design

f homogeneous assays such as antibody–antigen binding, DNA
ybridization, enzyme–substrate interaction, etc. Based on the
ork above, our further researches will focus on the applica-

ions of multi-color CdTe-encoded SiO2 composite nanoparticles
n immunofluorescence and cell imaging aspects.
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osteosarcoma cells labeled with CdTe/SiO2 composite nanoparticles.
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a b s t r a c t

This study presents a novel separation, preconcentration and determination of basic fuchsin (BF) in an
aqueous solution by sodium dodecyl sulfate (SDS)-bounded iron oxide nanoparticles (S-IONPs). It is shown
that the novel magnetic nano-adsorbent is quite efficient for the adsorption and desorption of BF at 25 ◦C.
Different parameters such as pH, temperature, ionic strength and composition of desorbent solvent were
optimized. The effect of some co-existing ions on the determination was investigated. The nanoparticles
were analyzed by transmission electron microscopy (TEM) and the sizes of S-IONPs were in the range of
20–100 nm. The method showed good linearity for the determination of BF in the range of 10–300 ng mL−1

with a regression coefficient of 0.9989. The limit of detection (LOD) (signal-to-noise ratio of 3:1) was
Sodium dodecyl sulfate
Preconcentration
Basic fuchsin
D
S

0.0073 �g L−1 and the relative standard deviation (RSD) for 0.03 �g mL−1 and 0.2 �g mL−1 of BF were
4.53% and 4.73%, respectively. The BF was determined successfully in spiked samples of Karoon River
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. Introduction

The treatment of industrial effluents is a challenging topic
n environmental sciences, since control of water pollution has
ecome of increasing importance in recent years [1]. Effluents from
he textile industries are important sources of water pollutions,
ecause wastewater dyes undergoes chemical as well as biologi-
al changes, consume dissolved oxygen, and destroy aquatic life.
oreover, some dyes and their degradation products may be car-

inogenic and/or toxic. Therefore, it is necessary to treat textile
ffluents prior to their discharge into receiving water [2]. Basic
uchsin (BF) (Fig. 1) is a triphenylmethane dye with molecular
ormula of C20H20ClN3 and is one of those rare dyes that are
nflammable in nature. It is widely used as coloring agent in textile
nd leather industries and also is used to stain collagen, muscle,
itochondria, and tubercle bacillus. BF possesses anesthetic, bac-

ericidal (Gram positive), and fungicidal properties. The physical
ontact with the dye may cause severe eye and skin irritation. Its
ngestion may cause gastrointestinal irritation with nausea, vomit-

ng, and diarrhea and the inhalation of the dye causes irritation to
he respiratory tract [3].

Keeping the toxicity of the dye in mind, there is a need to develop
ffective methods for its removal, recovery and determination in

∗ Corresponding author. Tel.: +98 611 3331094 fax: +98 611 3331098.
E-mail address: zargar b@scu.ac.ir (B. Zargar).
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astewater. Several methods have been tried to remove various
yes with different adsorbents [2]. Recently magnetic nanoparti-
les as a new adsorbent with large surface area and small diffusion
esistance have been recognized [4]. Ferrofluids are colloidal dis-
ersions of small single domain magnetic particles suspended in
carrier fluid. Ferrofluids characteristically have both magnetic

nd fluid properties [5]. Nanosized magnetic iron oxide particles
ave been studied extensively due to their wide range of appli-
ations in ferrofluids, high-density information storage, magnetic
esonance imaging (MRI), biological cell labeling and sorting, sep-
ration of biochemicals, targeting, and drug delivery. For many of
hese applications, surface modification of nanosized magnetic par-
icles is a key of challenge [6–10]. In general, surface modification
an be accomplished by physical and/or chemical adsorption of the
esired molecules to coat the surface, depending on the specific
pplications [11]. Several methods for the separation and removal
f chemical species such as metals [12–16], dyes [2,17–19] and
ases [20] have been reported. The stability of dispersed particles
nd magnetic properties are of most importance. The nanoparti-
les which have a large ratio of surface area to volume, tends to
gglomerate in order to reduce their surface energy by strong mag-
etic dipole–dipole and London-van der Waals attractions between

articles.

These nanoparticles can be coated with surfactants and as a
esult prevent their aggregation in liquids and improve their chem-
cal stability. The repulsive interactions between particles can be
reated by coating a surfactant layer on particle surfaces [21].
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2FeCl3 + FeCl2 + 8NH3 + 4H2O → Fe3O4 + 8NH4Cl

Experimental conditions such as temperature, rate of ammonia
addition and rate of solution stirring have critical effect on the size
of nanoparticles.
Fig. 1. Chemical structure of basic fuchsin.

iluted ferrofluid dispersions are not stable. Therefore anionic
nd cationic surfactants are used as stabilizer. In this study, we
sed sodium dodecyl sulfate (SDS) which is an anionic surfac-
ant and tends to interact with surface of nanoparticles and coated
hem. Iron oxide magnetic nanoparticles as cores and SDS as ionic
xchange groups were used for recovery and determination of BF
ye.

. Experimental

.1. Chemicals and reagents

All chemicals and reagents were of analytical grade. Basic
uchsin, phosphoric acid (85% m/m), methanol (99.9% m/m),
mmonia solution (25% m/m), hydrochloric acid (37% m/m), acetic
cid (99.9% m/m), FeCl3 (96% m/m), FeCl2·4H2O (99.9% m/m), and
odium dodecyl sulfate were purchased from Merck (Darmstadt,
ermany). Phosphate buffer solutions (pH 7) were prepared by
dding appropriate amounts of 0.1 M sodium hydroxide solution
nto a mixture of 0.1 M of phosphoric acid.

.2. Apparatus

The spectrophotometric measurements were carried out with a
intra 101 spectrophotometer (GBC SCIENTIFIC EQUIPMENT, Aus-
ralia). A transmission electron microscope (906E, LEO, Germany),
H-meter (632 Metrohm, Herisau, Switzerland) and a super magnet
1.2 T, 10 cm × 5 cm × 2 cm) were used.

.3. Preparation of SDS-bounded iron oxide nanoparticles
S-IONPs)

Iron oxide nanoparticles were prepared according to a previ-
us work [22]. In order to coat the particles, 5 mL of SDS solution
5% m/v) was added to about 5 g of damped nanoparticles in a
eaker. The solution was stirred for 1 min by a glassy rod and the
eaker was then placed on the magnet. After complete precipitation
f S-IONPs occurred the solution was decanted and ferroflouid was
ashed with distillated water for several times (3 times on average)

o eliminate extra amount of surfactant from nanoparticles.

.4. Adsorption and desorption of BF

About 0.6 g of damped S-IONPs (equivalent to 0.06 g dry S-

ONPs) were added to the 50 mL of BF solution (0.01–1 �g mL−1)
n a beaker. The pH of the solution was adjusted to 7 by addition of
mL of 0.03 M of phosphate buffer pH 7. The mixture was stirred
y a glassy rod for about 100 s and the beaker was then placed
n the magnet. The S-IONPs which adsorbed BF (BF-S-IONPs) were F
ig. 2. Suggested mechanism for the adsorption of sodium dodecyl sulfate on the
urface of IONP.

eparated magnetically and the initial red colored solution became
olorless. The mixture was decanted and the solution above the
anoparticles was removed completely. Finally 2.5 mL of desorbent
olution (a mixture of methanol and acetic acid with a ratio of 80:20,
/v) was added to the BF-S-IONPs in a beaker. The beaker was placed
n the magnet and the mixture was decanted. The absorption of
he solution which has been separated from IONPs by magnet was

easured spectrophotometerically at 547 nm.

. Results and discussion

The synthesis of nanoparticles is based on the reaction of ferric
nd ferrous ions in an aqueous ammonia solution to form magnetite
Fe3O4). Suggested reaction for the formation of nanoparticles is as
ollow [20]:
ig. 3. Transmission electron microscope images of (a) IONPs and (b) S-IONPs.
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ig. 4. Effect of different pH values on the BF separation [conditions: 50 mL of
�g mL−1 solution of BF; 1 g of damped IONPs; 2.5 mL of desorbent solution

methanol/acetic acid 80:20, v/v)].

The suggested mechanism for the coating of IONP with sodium
odecyl sulfate is shown in Fig. 2. The S-IONPs have bigger sizes
ompared to the initial IONPs as can be seen by TEM pictures (Fig. 3).
ONPs without coating did not adsorb BF but S-IONPs adsorbed BF
nd separated it from the bulk of solution.

The presence of trace amount of IONPs in the spectrophotometer
ell could affect the absorption of the solution. It could be elimi-
ated by holding the cell on the magnet for a few second before
easuring.
Absorption of the desorbed solution was measured at 547 nm

nstead of 542 nm (as a result of solvent changing from water to a
ixture of methanol and acetic acid the �max was shifted to higher
avelengths).

The pH of the solutions was adjusted by NaOH and HCl to find
he optimum pH value. Separation and Determination of BF was
erformed in the pH range from 2 to 12. The obtained results are
hown in Fig. 4. In low pH values, the solution was darkly because
ron oxide nanoparticles had begun to dissolve; on the other hand,
t high pH values the IONPs were converted to colloidal particles
nd did not respond to the magnetic field (adsorption of hydroxide
ons on the particles surfaces produce a dark colloid suspension).
he amount of separation and desorption of BF in the pH range from
to 8 was constant and therefore this range was chosen as optimum

ange for pH. However pH 7 was selected for all other experiments
nd phosphate buffer was used to obtain this value. The amount of
dded buffer was investigated and it was demonstrated that with

he amount of buffer volume exceeding 2 mL of 0.03 M solution
n the 50 mL test sample solution; the amount of separation and
dsorption of BF decreases.

ig. 5. Effect of different amounts of IONPs on the BF separation [conditions: 50 mL
f 1 �g mL−1 solution of BF; pH 7; 2.5 mL of desorbent solution (methanol/acetic
cid 80:20, v/v)].
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ig. 6. Effect of different compositions of desorbent solution on the desorption of BF
rom IONPs (conditions: 50 mL of 0.2 �g mL−1 solution of BF; pH 7; 0.6 g of damped
ONPs; 2.5 mL of desorbent solution).

The required amount of iron nanoparticles for the complete sep-
ration of BF in 50 mL solution (containing 1 �g mL−1 of BF) at pH
was investigated. To this end, different amounts of damped iron
anoparticls were added to the solution following mixing and sep-
ration of IONPs with magnet. The adsorption of solution was then
easured at 542 nm. The results are shown in Fig. 5. Addition of

.6 g of damped iron nanoparticls (equivalent to 0.06 g dry IONPs)
eparated the BF from this solution completely.

In order to find the best composition for desorbent solution,
e used solutions with different ratios of methanol and acetic

cid reported in references to be suitable for this purposes [2].
he obtained results are shown in the Fig. 6. Adsorption of BF by
ONPs and it’s desorption by different compositions of desorbent
olutions were studied in a constant volume of desorbent solution.
ure methanol and acetic acid (1 M) were used as stock solutions.
he obtained results are showed that with 50–70% methanol in the
nal desorbent solution, the BF can be completely desorbed from
anoparticles surfaces. Addition of desorbent solution in multiple
teps (3 steps) can improved the desorption process.

The effect of ionic strength on the system was examined in dif-
erent concentrations of KCl as an electrolyte. The adsorption of
F decreases with increasing the ionic strength of the solution.
his implied that electrostatic attraction between the negatively
harged SDS ions on the IONPs and positively charged of BF ions
as affected by the KCl under the examination conditions.

The adsorption of BF was studied in four different tempera-
ures. The recovery of BF was slightly increased with increasing
he temperature.

The optimum experimental conditions which have been
escribed were used to study the effect of some ions and two red
yes (Rodamin B, Allura red) on the determination process. To this

nd separation and determination of BF was performed in the pres-
nce of co-existing ions. The maximum acceptable error was ±5%.
he obtained results are shown in Table 1. The table shows that
a2+, Mg2+ and Rodamin B strongly interfered even in the same

able 1
ffect of co-existing ions (conditions: 100 mL BF 0.2 �g mL−1; pH 7. IONPs: 0.6 g;
olume of desorbent solution: 2.5 mL (methanol/acetic acid 60:40, v/v)).

onsa Tolerance ratio (w/w)

+, Na+, Cl− , Br− , Pb2+, NO3
− 200

− , F− 100
O3 60
i2+ 40
o2+ 10
a2+, Mg2+, Rodamin B, Allura red 1

a All cations were prepared from nitrate salts and anions were prepared from
odium and potassium salts.
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Table 2
Determination of BF in spiked Karoon River water samples.

Added BF (�g mL−1) Found BF (�g mL−1) Recovery (%)
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[20] P. Li, D.E. Miser, S. Rabiei, R.T. Yadav, M.R. Hajaligol, Appl. Catal. B: Environ. 43

(2003) 151.
.100 0.096a 96.0%

.150 0.147a 98.0%

a Average of three determinations.

oncentration with BF. A solution of EDTA was used to eliminate
he interference affect of Ca2+ and Mg2+.

. Analytical characteristics

The calibration curve was linear in the range of 0.01 �g mL−1

o 0.3 �g mL−1 of BF with an equation of y = 4.2113 x + 0.1222
R = 0.9989) in which y is absorbance and x is concentration of BF
�g mL−1). The relative standard deviation (n = 8) for 0.2 �g mL−1

nd 0.03 �g mL−1 of BF were 4.53% and 4.73%, respectively and the
OD of the method was 0.0073 �g mL−1. The enrichment factor of
he method was calculated to be 40.

. Analysis of Karoon River water sample

To determine the ability of the proposed method for the analysis
f BF in a real sample, Karoon River water was spiked. The spiked
evels were 100 ng mL−1 and 150 ng mL−1 of BF. The spiked solu-
ions were successfully determined in two different river waters
amples. The results are summarized in Table 2. Excellent recover-
es indicated that the complex matrix of river water samples does
ot interfere with the analysis of BF.
. Conclusion

Basic fuchsin could be removed from an aqueous solution by
he SDS-bounded iron oxide nanoparticles. The nanoparticles can
apidly adsorbed BF and desorbed it in a suitable solution in less

[

[

(2009) 1328–1331 1331

han 5 min. The proposed method is recommended for removal
nd/or determination of BF in different water samples.
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a b s t r a c t

A novel on-line coupled HPLC–hydride generation (HG)–ICP/MS system was developed for rapid, direct
and sensitive speciation of methyltins in seawater without any pretreatment step. Methyltin compounds
were separated by reversed phase HPLC, and then on-line reacted with potassium borohydride and acetic
acid to generate volatile hydride products. The volatile derivatization products were separated in the spray
chamber of ICP/MS and then introduced into ICP/MS by argon gas for detection. Monomethyltin (MMT),
dimethyltin (DMT) and trimethyltin (TMT) were baseline separated in less than 15 min by reversed phase
HPLC. The influence of KBH4 concentration and type of acid on the system performance was investigated
and optimized. Calibration curves, based on peak heights against concentration, were linear in the range
of 0.5–50 ng (Sn) mL−1 of methyltins with correlation coefficients of 0.9990, 0.9990 and 0.9996 for MMT,
DMT and TMT, respectively. The relative standard deviations measured at 10 ng (Sn) mL−1 for these three
methyltins were in the range of 0.6–1.4% (n = 5), and the calculated detection limits (S/N = 3) for MMT, DMT
and TMT were 0.266, 0.095 and 0.039 ng (Sn) mL−1, respectively. This method was successfully applied to

the speciation of methyltins in seawater with spiked recovery in the range of 95.4–106.9%. MMT and DMT
were detected in all the seawater samples with concentrations in the range of 1.0–1.5 and 0.30–0.57 ng
(Sn) mL−1 for MMT and DMT, respectively.
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. Introduction

Extensive applications of methyltin compounds as biocides,
ntifouling agents and polyvinyl chloride heater stabilizers have
aused serious pollution to the environment because of their high
oxicity to organisms [1,2]. Up to date the occurrence of methyltin
ompounds have been found in many different environmental
edia such as seawater [3,4], river water [5,6], lake water [6,7],

ediments [8] and biological samples [3]. In addition to the anthro-
ogenic sources [1], methyltins can be produced by the biotic and
biotic methylation [9–11].

Although some methods are available for analyzing organotin
ompounds, there is lack of technique for rapid, direct and sensi-
ive detection for organotins, especially for methyltins. Methyltins

re more difficult to be detected than butyltin and phenyltin com-
ounds because of their minor structural difference and higher
olubility in water and thus their low extraction efficiencies from
queous medium. The shortage in rapid, direct and sensitive meth-
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ds is often the bottleneck of research on the mechanisms of
ethyltin biogeochemical cycling in the environment and their

oxicity to organisms.
The speciation methods for methyltin compounds mainly focus

n hyphenated systems based on gas chromatography (GC) and
iquid chromatography (LC). Methods based on coupling GC with
ifferent detectors such as atomic absorption spectrometry (AAS)
7], quartz surface-induced luminescence flame photometric detec-
or (QSIL-FPD) [12] and mass spectrometry (MS) [13] are commonly
sed. However, the major limitation of these methods is that
ethyltins have to be off-line derivatized with sodium boro-

ydride, sodium tetraethylborate or Grignard reagents [14]. The
xistence of methyltins as methyltin salts in the environment leads
o the utilization of time-consuming steps involving complexation,
xtraction and derivatization, and is the main sources of errors.
hen sodium borohydride method is utilized, the hydrides of
ethyltin compounds have to be trapped using cryogenic purge
nd trap method [12] or hydride trap method [3] due to the lower
oiling points of the hydride generation products of methyltin com-
ounds (CH3SnH3 1.4 ◦C, (CH3)2SnH2 ca. 35 ◦C, (CH3)3SnH ca. 60 ◦C)
3]. It is more complicated to use Grignard reagent method because
his reaction must be conducted under anhydrous condition. Typ-
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cally, organotins in water are complexed with a chelating agent,
uch as sodium diethyldithiocarbamate (DDTC, 0.2 g) in the pres-
nce of sodium chloride [13]. The chelated organotins are then
xtracted with toluene. After the phase separation, the organic
hase collected through a column of anhydrous sodium sulfate was
vaporated to ca. 1 mL under reduced pressure. Grignard reagent,
uch as pentylmagnesium bromide is added to the organic phase
nd then allowed to stand at 40 ◦C for 60 min. As can be seen it is a
ery time-consuming process.

HPLC coupled with different detectors, such as AAS [15], MS
16] and inductively coupled plasma mass spectrometry (ICP/MS)
17], are widely used for the speciation of methyltins because they
void the complex extraction and derivatization step. Some reviews
n the speciation of organotins using HPLC coupled with differ-
nt detectors are available in the literatures [18,19]. One of the
ajor problems for organotin determination is that the shortage

f conventional high sensitive detectors limits the application of
PLC-base hyphenated method. ICP/MS is a powerful tool for ana-

yzing organotins due to its high sensitivity and selectivity and has
een hyphenated with several modes of LC, such as ion-exchange,
eversed phase and ion-pairing. An important issue in the hyphen-
tion of reversed phase LC with ICP/MS is the compatibility of
obile phase and plasma source. The presence of high percent

rganic solvent in the mobile phase can result in poor plasma
tability and may even extinguish the plasma. In addition, car-
on deposits may form on the sampler and the skimmer cones
ithin the ICP/MS interface region, and could contribute to higher
oise and reduced signals. As a result, it is necessary to add oxy-
en to the nebulizer argon-gas flow to allow complete combustion
f the organic solvent in the plasma. However, many ICP/MS sys-
ems are not configured for the oxygen addition, which seriously
estricts the applications of reversed phase HPLC–ICP/MS. Further-
ore, the traditional nebulizer mode normally has low efficiency,
ith only 5–10% being delivered to the ICP plasma. For example,

he organotins compounds, focused on butyltin and phenyltin com-
ounds, were detected by HPLC–ICP/MS system using traditional
ode [20–23]. Sample introduction using hydride generation has

roved to be a powerful tool to increase the sensitivity of ICP/MS
24]. For example, a 16-fold sensitivity enhancement is obtained
or cadmium determination by using HPLC–HG–ICP/MS rather than
he conventional nebulization [24]. So far the HPLC–HG–ICP/MS
echnique has been applied for the speciation of elements such
s cadmium [24] and arsenic [25,26]. Anion exchange chromato-
raphic separation mode was used in these hyphenated systems.
owever, it is unable to completely separate methyltins with ion-
xchange mode. A reversed phase separation mode seems to be a
ood choice. To our best knowledge, this is the first report on the
irect determination of methyltins in water without preconcentra-
ion.

In this paper, a reversed phase HPLC–HG–ICP/MS hyphen-
ted system was developed to directly and rapidly determine
ethyltins without any preconcentration step. This method suc-

essfully avoided the extinguishing of plasma resulted from the
igh percentage of methanol without oxygen addition system or
ther equipment modification. This technique was applied to the
peciation of methyltins in seawaters. Analysis of one seawater
ample can be completed within 15 min.

. Experimental
.1. Reagents

All reagents were used as purchased without further purifica-
ion. Three methyltin compounds, including trimethyltin chloride

−
p
b

18

olumn; (3) four-way connector; (4) HAc; (5) KBH4; (6) peristaltic pump; (7) waste;
8) spray chamber; (9) ICP/MS.

TMT, 98%), dimethyltin dichloride (DMT, 97%) and monomethyltin
richloride (MMT, 97%), were obtained from Aldrich Chemical
o. (USA). Standard stock solutions were prepared by dissolving
ethyltin compounds in deionized water and stored at 4 ◦C. The
orking solutions were prepared daily by appropriately diluting

he stock solutions with deionized water. Methanol was HPLC grade
olvent (J. T. Baker, Phillipsburg, NJ, USA). Tropolone (98%) was
rom Acros Organics (NJ, USA). Nitric acid (GR, 65%) was purchased
rom Merck, Germany. Acetic acid (AR, 99.5%), hydrochloric acid
GR, 36–38%), and potassium hydroxide (GR) were obtained from
eijing Chemical Factory (Beijing, China). Potassium borohydride
95%) was purchased from Institute of Geophysical and Geochem-
cal Exploration (Langfang, China). Deionized water (18.3 M� cm)
as produced from an ultrapure water system (Barnstead Interna-

ional, Dubuque, IA, USA).

.2. Apparatus

Fig. 1 shows the schematic diagram of hyphenated
PLC–HG–ICP/MS system, which mainly consists of three parts.
ethyltin compounds were first separated by the HPLC system
hich consists of a DGU-12A degasser, a LC-10A pump (Shimdzu,

apan), an injector valve (Rheodyne 7725i with a 200 �L sam-
le loop), and a C18 separation column (Agilent Zorbax Eclipse
DB-C18, 5 �m particle size, 4.6 mm × 150 mm). In the hydride
eneration (HG) component, the analytes from the HPLC col-
mn reacted with the derivatization reagents, introduced by a
eristaltic pump, in a four-way-cross connector to form volatile
ethyltin hydride. These volatile methyltin hydrides were then

ntroduced into ICP/MS (Agilent 7500ce with Babington nebu-
izer, USA) for detection. In the third part, the spray chamber
f the ICP/MS was used as a gas–liquid separator and the mode
f nebulization was changed to make organic mobile phase
dapt ICP/MS which would be discussed later in detail. The
perating conditions of this hyphenated system are listed in
able 1.
Seawater samples from Yantai (Bohai Sea, China) were stored at
20 ◦C in the refrigeratory. The samples were analyzed without any
retreatment except being filtered with a 0.4 �m filter membrane
efore injected into the HPLC system.
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Table 1
Optimum operating conditions for the HPLC–HG–ICP/MS system

Parameter Optimized value

HPLC
Column Agilent Zorbax Eclipse XDB-C18,

5 �m, 4.6 mm × 150 mm
Mobile phase 70% (v/v) methanol, 3% (v/v) HAc,

27% (v/v) water, 0.1% (m/v)
tropolone; pH 3.5

Flow rate of mobile phase 0.3 mL min−1

Sample injection 200 �L
Derivatization reagent

HAc 1% (v/v), flow rate: 0.36 mL min−1

KBH4 0.5% (m/v), (containing 0.2% KOH),
flow rate: 0.36 mL min−1

ICP/MS
S/C Temperature 2 ◦C
Makeup gas (Ar) 0.72 L min−1
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Carrier gas (Ar) 0.22 L min−1

RF power 1550 W
Isotope monitored 118Sn, 120Sn

. Results and discussion

.1. Optimization of HPLC–HG–ICP/MS

HPLC separation of methyltin compounds was conducted as
escribed in our previous paper [23] and the adopted parameters
re listed in Table 1. In these liquid chromatographic conditions,
hree methyltins were baseline separated in less than 15 min
nd the eluent sequence of these three methyltins is TMT, MMT
nd DMT because of the function of tropolone as complexant in
he mobile phase. As for the operational parameters of ICP/MS,
he isotope 120Sn signal intensity was selected to optimize the
nstrumental performance. HAc (2% v/v, containing 3.0 ng (Sn)

L−1 MMT) and KBH4 (0.5% (m/v) containing 0.2% (m/v) KOH),
ntroduced via the peristaltic pump of ICP/MS, were mixed in a
our-way-cross connector, and the produced volatile MMT hydride
as introduced into the spray chamber (2 ◦C) of ICP/MS. The

nstrumental parameters were adjusted until the 120Sn signal inten-
ity reaches maximum value. The signal intensity was strongly
ependent on flow rate of the carrier gas and makeup gas of the
PLC–HG–ICP/MS system. Generally, the flow rate of carrier gas
as higher than that of makeup gas in order to improve the neb-
lization efficiency and sensitivity. However, the carrier gas flow
ate used in this HPLC–HG–ICP/MS system was lower than that of
akeup gas for the following two purposes: (1) the Babington neb-

lizer with bigger spray pore than concentric nebulizer used in this
ystem can easily decrease the nebulization efficiency by chang-
ng the flow rate of carrier gas to reduce the influence of methanol
n mobile phase to the plasma and (2) increasing the flow rate of

akeup gas can efficiently carry the volatile hydride to the plasma
nd thus greatly increases the sensitivity. As a result, the optimum
ow rates of the carrier gas and the makeup gas in this hyphen-
ted system were 0.22 and 0.72 L min−1, respectively. Furthermore,
here is no interference of other elements to the methyltin determi-
ation because only the isotope of 118Sn and 120Sn were selected to
e detected. Overall, it is very easy to set up this HPLC–HG–ICP/MS
ystem as no special auxiliary equipment was needed, and the only
ifference of using ICP/MS procedure with the conventional mode

s to adjust the flow rate ratio of the carrier and makeup gases.
Generally, the commonly used temperature of spray cham-

◦
er, precisely controlled by Peltier cooling device, is 2 C. Peltier
ooling spray chamber can remove some of the water from the
ample, delivering only the smallest droplets to the plasma. Conse-
uently, this Peltier cooling device can provide the plasma with
very stable ion signal and produce low levels of polyatomic

r
o
u
f
i

ig. 2. Effects of KBH4 concentrations on signal intensities of methyltins. Analyte
oncentrations (as Sn): 10 ng mL−1 of MMT, DMT, and TMT. Derivatization reagents:
% (v/v) HCl and different concentration of KBH4 (containing 0.2% (m/v) KOH).

xide species, which in turn reduces the interferences on cer-
ain analytes. Considering the boiling points of (CH3)2SnH2 (35 ◦C)
nd (CH3)3SnH (60 ◦C), we initially speculated that the low spray
hamber temperature at 2 ◦C would liquefy the methyltin hydrides
nd lead to low transfer efficiency to the plasma. Therefore, the
ffect of spray chamber temperature on the signal intensities
f the three methyltins was investigated at 10 ng (Sn) mL−1 of
ethyltins. The signal intensities of methyltins varied slightly with

he spray chamber temperature increased from 2 to 15 ◦C, which
s because the total flow rates of carrier gas and makeup gas is
bout 1 L min−1, which can carry the methyltin hydrides to pass
hrough the spray chamber rapidly and give almost no chance to
iquefy these hydrides. As the reflected power of ICP/MS, normally
t 1 W, increases from 1 to 25 W and becomes very unstable by
ncreasing the temperature of spray chamber from 2 to 15 ◦C, the
elected temperature of spray chamber was 2 ◦C in the following
xperiments.

.2. Optimization of derivatization reagents

The concentrations of derivatization reagents have a great influ-
nce on the hydride generation of methyltins and thus on the
etection limit of ICP/MS. Low KBH4 concentration results in low
ydride reaction efficiency, whereas too high KBH4 produces too
uch hydrogen that could affect the stability of plasma, even extin-

uish the plasma. Fig. 2 displays the effect of KBH4 concentrations
n the peak height of methyltins when the flow rate of KBH4 was
et at 0.36 mL min−1. As can be seen, the best signal intensities for
hese three methyltins were obtained at 0.5% (m/v) KBH4, which
as adopted in the following studies.

With a constant flow rate of 0.36 mL min−1 for both the acid
nd 0.5% (m/v) KBH4, the influence of acid type and concentration
ere studied (Fig. 3). Similar signal responses were observed for
ydrochloric acid, nitric acid and acetic acid at their optimum con-
entrations. Relatively lower acid concentrations in this experiment
eem to have higher signals. For example, the signals of methyltins
btained at 1% (v/v) HCl were higher than those at 2% and 3% HCl.
owever, too lower acidic concentrations may lead to incomplete
ydride reaction, which produces lower signal intensity. Overall,

elatively higher signal were obtained using 0.6% (v/v) nitric acid
r 1.0% (v/v) acetic acid. Considering acetic acid is a weak acid and is
sed in the mobile phase, 1.0% (v/v) acetic acid was adopted in the
ollowing experiments. The final operating conditions were shown
n Table 1.
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ig. 3. Effects of the types and concentrations of acids used for derivatization on the
ignal intensities of methyltins. Analyte concentrations (as Sn): 10 ng mL−1 of MMT,
MT and TMT. Derivatization reagents: 0.5% (m/v) KBH4 (containing 0.2% (m/v) KOH)
nd various acids.

.3. Analytical performance

The three methyltins were baseline separated in less than
5 min. Table 2 shows the analytical performance data of this devel-
ped HPLC–HG–ICP/MS system. Linear calibration curves, based
n peak heights to concentrations, were obtained in the range of
.5–50 ng (Sn) mL−1 of methyltins with correlation coefficients of
.9990, 0.9990 and 0.9996 for MMT, DMT and TMT, respectively. The
elative standard deviations measured at 10 ng (Sn) mL−1 level were
n the range of 0.6–1.4% (n = 5). Based on the relative standard devia-
ions measured at 2.0 ng (Sn) mL−1, the calculated detection limits
S/N = 3) for MMT, DMT and TMT were 0.266, 0.095 and 0.039 ng
Sn) mL−1, respectively.
.4. Determination of methyltins in seawater samples

The proposed method was successfully applied to directly mea-
ure methyltins in seawater samples collected from Bohai Sea at

M

w
c
a

able 2
ome analytical performance data of the proposed method

ompound Calibration curvea Correlation coe

MT Y = 1.56 × 105X + 7.87 × 104 0.9990
MT Y = 5.08 × 105X − 3.63 × 105 0.9990
MT Y = 1.00 × 106X − 2.54 × 105 0.9996

a The methyltins concentration range was 0.5–50 ng (Sn) mL−1.
b Obtained at concentration of 10 ng (Sn) mL−1 for each tin species.

able 3
ecoveries and concentrations of methyltin compounds in seawater samples collected in

ampling site Recovery (%)a

MMT DMT TMT

uangzhuang 104.0 ± 4.0 95.4 ± 2.0 97.0
iulaojumatou 95.8 ± 0.6 104.9 ± 1.0 98.0
ueliangwan 108.0 ± 4.3 106.9 ± 1.5 103.7
aishuiyuchang 106.0 ± 1.1 104.0 ± 0.7 101.7
ugangmatou 96.0 ± 1.8 101.0 ± 1.6 96.7

a Standards were spiked at 2 ng (Sn) mL−1 for each tin species.
b Values are means of three measurements ± standard deviation. ND = not detectable.
ig. 4. Typical chromatograms for methyltin analysis in water. (A) Seawater sam-
le; (B) seawater sample spiked with standards (2.0 ng (Sn) mL−1); (C) methyltin
tandards.

antai city (Shandong Province, China). The chromatograms of sea-
ater sample analyses with and without addition of standards, as
ell as standard of methyltins are shown in Fig. 4. Three methyltins

an be well separated. The results of seawater samples were shown
n Table 3. Good spiked recoveries (%) of 5 samples, 95.8–108 for

MT, 95.4–106.9 for DMT, and 97.0–103.7 for TMT, were obtained
t 2.0 ng (Sn) mL−1 spiking level. MMT and DMT were detected in
ll seawater samples and the concentration of MMT (1.0–1.5 ng (Sn)
L−1) is higher than that of DMT (0.30–0.57 ng (Sn) mL−1). TMT
as not detected in any of these seawater samples, even though the
roposed method has the highest sensitivity for TMT. This could be
ue to the fact that TMT is less stable than MMT and DMT in the
nvironment. TMT can be degraded to DMT and MMT by biotic and
biotic demethylation [28]. In addition, biotic and abiotic methyla-
ion of inorganic tin in seawater could also lead to the formation of

MT.

The concentrations of methyltins in our results are consistent

ith the previous work conducted in Ontario Lake water [7], which
ontains 0.53–1.22 ng (Sn) mL−1 MMT, 0.10–0.40 ng (Sn) mL−1 DMT,
nd below detection limit of TMT. Furthermore, the omnipresent

fficient Detection limit (ng mL−1) RSD (%, n = 5)b

0.266 1.4
0.095 0.6
0.039 0.6

Bohai Sea (Yantai) (n = 3) by HPLC–HG–ICP/MS

Concentration found (ng mL−1)b

MMT DMT TMT

± 2.5 1.44 ± 0.06 0.57 ± 0.02 ND
± 2.0 1.06 ± 0.05 0.31 ± 0.02 ND
± 3.2 1.16 ± 0.08 0.33 ± 0.03 ND
± 1.8 1.25 ± 0.05 0.35 ± 0.04 ND
± 2.6 1.14 ± 0.06 0.33 ± 0.02 ND
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Table 4
Comparisons of the pretreatment procedures for methyltin analysis in water using AAS, GC and HPLC-based methods

Method Sample Pretreatment method Reference

AAS 100 mL seawater or lake water Volatile hydrides were generated using NaBH4

and then trapped in liquid nitrogen followed
by sequential elution with increasing
temperature and detection using AAS

[3]

GC-AAS 4–5 L water, Ontario Lakes and Rivers Saturation with NaC1, extraction of 4–5 L water
with 100 mL of benzene/0.5% tropolone.
Extracts were evaporated to a small volume,
butylated with butylmagnesium bromide. Then
samples were cleaned up and concentrated

[6]

GC-AAS Lake water (5–10 L) Extraction with benzene containing tropolone
from water saturated with sodium chloride,
butylation to form tetramethylbutyltins. Then
samples were cleaned up and concentrated

[7]

GC-FPD SnCl2 reaction solution (1–2 mL) Samples were placed in a centrifugation tube
together with citric acid–NaH2PO4 buffer
solution (pH 5.0). The internal standard
(MeSnPr3) and 0.1% tropolone–cyclohexane
were added. The mixture was extracted in an
ultrasonic bath and centrifuged twice at
3000 r min−1. Then, the organic phases were
dried using anhydrous Na2SO4 and reacted
with n-PeMgBr (Grignard reagent) in an
ultrasonic bath. Excess Grignard reagent was
eliminated by the addition of 5% (v/v) H2SO4

solution, and the organic phase was purified by
anhydrous Na2SO4 and Florisil. Finally, the

[11]

HPLC–HG–ICP/MS 200 �l water

Table 5
Comparisons of the detection limits for methyltin analysis using HPLC coupled with
different detectors

Method of detection Detection limits (ng(Sn) mL−1) Reference

HPLC–HG-QSIL-FPD MMT:1.69; DMT: 0.51; TMT: 0.36 [27]
HPLC-Flame AAS MMT: 380; DMT: 340; TMT: 320 [30]
HPLC–ICP/MS (with DIN) MMT: 20; DMT: 16; TMT: 18 [31]
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PLC–ICP/MS MMT: 0.46; DMT: 0.26; TMT: 1.26 [32]
LC-ICP/MS DMT: 1.02; TMT: 0.70 [33]
PLC–HG–ICP/MS MMT: 0.266; DMT: 0.095; TMT: 0.039 This work

xistence of the methyltin compounds in different seas has been
eviewed in previous literature [29].

Comparison of the pretreatment methods listed in Table 4 sug-
ests that direct AAS method and GC-based methods need the more
olume of natural waters and the solvent- and time-consuming
retreatment procedures. Compared with these methods, HPLC-
ased method reported in this paper has a great advantage due to
o pretreatment step involved. The detection limits of methyltins

or methods reported in literature using HPLC coupled with various
etectors are listed in Table 5. The detection limits obtained with
he present technique are markedly lower than HPLC-Flame AAS
nd HPLC–ICP/MS with direct injection nebulizer (DIN), and are
bout 5–20 times better than HPLC–HG-QSIL-FPD, micellar liquid
hromatography (MLC)-ICP/MS and conventional HPLC–ICP/MS.
his is the reason why this HPLC–HG–ICP/MS technique, rather than
ther techniques, can direct detect the methyltins in seawater.

. Conclusions
HPLC was on-line coupled with hydride generation and ICP/MS
or the speciation of methyltins in water samples. Speciation of

ethyltins in seawater samples can be rapidly and directly per-
ormed with high sensitivity and without interferences. Sample
retreatment steps can be avoided and the use of time and toxic

[
[

[

[

eluted organic phase was concentrated to 2 mL
under a stream of nitrogen
Without any other pretreatment except being
filtered with 0.4 �m filter membrane

This work

rganic solvents can be greatly reduced. This hyphenated system
lso broadens the application of reversed phase HPLC and ICP/MS
ithout the oxygen addition system for ICP/MS. This technique

ould also speciate methyltins in beverage, wine and other natural
aters, such as tap water, lake water and river water. It is expected

hat this system could also be used for direct speciation of butyltins
nd phenyltins with appropriate modification of the interface (e.g.
aintaining the temperature of the transfer line).
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