
Journal of Chromatography A, 1099 (2005) 103–110

Effect-directed analysis by high-performance liquid chromatography
with gas-segmented enzyme inhibition
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Abstract

A reversed-phase high-performance liquid chromatography system with UV-detector was equipped with an on-line acetylcholinesterase inhibition
assay to achieve effect-directed analysis of potentially toxic samples. The enzyme activity was detected colorimetrically using Ellman’s reagent.
The inhibition and substrate conversion took place in glass capillaries at a 100�L/min flow rate. Extra-column band spreading in the reaction coils
reduces the sensitivity and separation power of biochemical detectors severely. Knitted reactors exhibited no reduction of longitudinal dispersion in
the tested flow range. The implementation of air-segmentation allowed an extended inhibition and substrate conversion time without a significant
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loss of chromatographic resolution. The limit of detection of two model compounds carbofuran (carbamate) and paraoxon-ethyl (organo
was determined to be 13 ng (injected mass) and 7.4 ng, respectively, applying an isocratic chromatography method. A mixture of five
was separated by a gradient elution and the inhibitory effect on the enzyme activity could be detected with high resolution. The band w
height of the enzyme inhibition detector signal after a reaction time of about 8 min or 4.2 m of capillary, respectively, increased only by
1.4 compared to the UV-detector signal.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ground and surface water may be contaminated by an enor-
mous variety of compounds. Public health authorities need to
monitor the quality of water-bodies for drinking water supply
and leisure time activities. One approach for the risk assessment
is based on chemical analysis. The toxicity may be then mod-
elled by individual toxicity parameters[1]. This procedure has
two disadvantages. First, if main contaminants or metabolites
are unknown, the model may fail completely. Second, the total
chemical analysis is time-consuming, cost intensive and a flood
of mainly irrelevant data is produced. Another approach for the
toxicological risk assessment is based on biotests with various
organisms (for an overview see[2]). Compounds affecting the
test system can be detected without further knowledge about
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their identity. However, despite the specific relevance to the
organisms, the biotesting approach gives rarely any inform
about the identity of toxic compounds and only toxicolog
sum parameters are obtained.

A promising tool for the identification of compounds w
toxic potential is the effect-directed analysis[3]. A suspect wate
sample is chemically analyzed, e.g. by HPLC and a toxic po
tial is assessed combining the separation step with a biomo
lar recognition step[4–6]. For the hyphenation of chemical se
ration and toxicological assessment, several methods exis
ilar to immunochromatographic techniques[7]. Instead of anti
bodies, reagents with toxicological relevance (such as enz
or receptors) are used to identify the compounds. Simple
chemical tests can not simulate the complexity of the hu
metabolism, however, compounds recognized by these m
ular targets can indicate potential hazards. Depending o
different strategies of effect-directed analysis, the biomole
recognition step is used before or after the separation, eith
an off-line or more sophisticated in an online mode. In the
column approach the compounds are affinity-enriched pri

0021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2005.08.081



104 S. Fabel et al. / J. Chromatogr. A 1099 (2005) 103–110

chemical analysis on immobilized recognition molecules analo-
gous to immunoaffinity extraction procedures. For the detection
of estrogenic compounds the combination of estrogen receptor
assay and HPLC was proposed[8]. Another strategy of effect-
directed analysis is to use the biochemical test after the separa-
tion step. This has several advantages, as the chromatographic
separation step usually leads to a sample clean-up. Matrix effects
are reduced and the reproducibility of the biochemical assay
is improved. Furthermore, cross-reactivities of sample com-
pounds are easier to handle and make inhibition tests, which
are sometimes unreliable[9], more dependable. One option for
an off-line biochemical test, is to collect and investigate only
the peaks detected by UV absorbance[2] or to fractionate the
whole chromatogram into a microplate for further biotesting.
Estrogen receptor assays[10] and protein phosphatase inhibi-
tion assays[11] were reconstructed relative to the retention time
of the chromatographic run and so-called biograms or enzymo-
grams were obtained. In the case of high-performance thin-layer
chromatography, the biochemical tests can be performed directly
on the plate[12]. Testing of the whole chromatogram has the
advantage, that compounds which were not observable by the
respective conventional detector are not overlooked. Technically
more demanding but less time-consuming is the on-line bio-
chemical detection after chromatography. For the continuous-
flow biochemical detection various detection methods can be
used[13]. One detection principle is the competition of ana-
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problem. In addition, the parabolic flow profile leads to a severe
longitudinal dispersion of the mobile phase. Band spreading is
one of the main obstacles for effect-directed analysis using an
enzyme inhibition assay. This problem also limits the gain in
signal intensity by extended reaction times. Dispersion leads
to a loss in signal intensity and the high resolution of HPLC
can not be retained in the enzymogram. Therefore, the enzyme
inhibition detection coupled to LC is restricted to short reaction
times in short coils. This severely limits the choice of useful
enzymes and the sensitivity of inhibitor detection.

The problem of extra-column band spreading in post-column
reactors is well investigated[26–28]. Different methods were
reported to overcome this problem. Packed bed reactors and
coiled or knitted tube reactors[29,28]have been recommended.
Coiling the tubing should induce a secondary flow perpendicular
to the parabolic laminar flow profile. Then a radial mass transfer
from the tubing axis to the wall is induced by centrifugal forces
acting on the liquid stream. As a result, the parabolic flow profile
is disturbed by the fluid circulating above and below the tubing
axis and the dispersion along the longitudinal axis is reduced.
The knitted tube reactors have been applied especially for post-
column derivatization reactors, which worked in the milliliter
per minute flow range with short reaction times[30,31]. How-
ever, the influence of the tube geometries for the reduction of
band spreading seems to play only a minor role for microfluidic
applications[32], which we could confirm by a model experi-
m
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yte and added labelled ligands of the biomolecular target.
etection signal is based on the separation of free and b

igands, which can be achieved by restricted-access mat
14], receptor affinity columns[15] and hollow-fibre module
16]. Immobilized enzyme reactors (IMER)[17,18]work with-
ut the need of labelled ligands. In this module, only an enz
ubstrate has to be added. The difficulty of the IMER i
etain the activity of the enzyme during the immobilizat
rocedure and the analysis. The detection of the substrate
ersion depending on the enzyme activity is the principle o
MER, as well as of the homogenous biochemical detecto
he latter, the enzyme and substrate solutions are pumpe
inuously to the mobile phase. Appropriate dilution of the elu
s necessary in most cases to avoid deactivation of enzy
bsence of inhibitors. Homogenous enzyme inhibition as
ere successfully combined with liquid chromatography u
lkaline phosphatase[19], phosphodiesterase[20], angiotensin
onverting enzyme[21] and acetylcholinesterase[22,23]. For a
urther investigation of the substances which were targete
nzyme inhibition, mass spectrometry parallel to the bioch

cal detector was proposed[19,21,22]. Recently, electrospra
onization MS was applied to simultaneously detect both
nhibitors and the enzyme activity without further need o
ptical detector[24].

The reaction time in the biochemical assay is determine
he enzyme inhibition and the substrate conversion kinetics
ecessary residence time is attained by a reaction coil a
ppropriate flow rate. Microfluidic components combined w
low flow rate may be used for low reagent consumption[25].
ith these boundary conditions, the stream is strictly lam
ot only the proper mixing of eluent and reagent becom
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Another method to reduce the band broadening is the seg

ation of the stream into small reaction volumes. The techn
f segmented stream reactors as post-column detectors i
nown for slow reactions[27]. Usually, gas bubbles or drople
f a nonmiscible liquid are introduced into the effluent at re

ar time intervals. The higher the segmentation frequency
maller is the band broadening[33,34]. A colorimetric FIA
ystem with air-segmentation for a reduction of longitud
ispersion known as “AutoAnalyzer” was introduced first
keggs[35,36] in 1957. Later, the coupling of HPLC with a
ir-segmented post-column reactor was used for derivatiz
eactions[37,38]. Also chromatography combined with enzy
nhibition assays using acetylcholinesterase was reported
ears ago[39–41]. Recently, the segmented flow methods
njoying a renaissance[42–46]. Particularly, in micro total ana
sis systems (�-TAS) the problem of rapid mixing withou
xcessive dispersion has to be solved[47–49]. The advan
ages of miniaturization in FIA was shown for a gas-segme
ontinuous-flow analysis system, in which microbore tubing
sed[50].

Here, we want to present the effect-directed analysis of
ompounds based on high-performance liquid chromatogr
ith enzyme inhibition detection, including an gas-segme
ow system, which works in the range of a 100�L/min flow
ate. As a model for a neurotoxic effect, an acetylcholineste
ngineered for biosensor applications was used[51]. Gas-
egmentation in silica capillaries was used for enzyme
ition and substrate reaction to overcome the problem
xtreme band broadening in a homogenous enzyme inhi
ystem.
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2. Experimental

2.1. Abbreviations

AChE, acetylcholinesterase; ATCI, acetylthiocholine iodide;
DTNB, 5,5′-dithiobis-[2-nitrobenzoic acid]; EID, enzyme
inhibition detection; HPLC–EID, HPLC with on-line EID;
HPLC–SFEID, HPLC with on-line segmented flow EID;
LOD, limit of detection; MTP, microtiter plate; NBS,N-
bromosuccinimide; PBS, phosphate-buffered saline.

2.2. Reagents and chemicals

AChE of the nematodeNippostrongylus brasiliensis (enzyme
mutant[51] produced in the yeastPichia pastoris) was kindly
supplied by H. Schulze and T.T. Bachmann (ITB, Stuttgart, Ger-
many). DTNB, NBS, as well as all chemicals for the preparation
of buffers were obtained in the highest purity available from
Sigma (Taufkirchen, Germany). ATCI, gelatine from porcine
skin (Bio-Chemika) and acetic acid (analytical-reagent grade
for HPLC) were purchased from Fluka (Neu-Ulm, Germany).
The pesticide standards as well as methanol and acetonitrile
(both Chromasolv for HPLC, gradient grade) were obtained
from Riedel-de Häen (Seelze, Germany).

Tris–HCl (pH8.0, 100 mM) containing 0.1% gelatine was
used as enzyme dilution buffer. The enzyme for the microplate
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were incubated with enzyme solution (20�L) for 5 min at 37◦C.
Twenty microliters of ATCI/DTNB solution was added and the
color development was measured for 30 min every 30 s with a
microtiter plate reader.

The ratio of enzyme and sample solution was changed in the
later experiments to reduce the negative influence of organic
solvents on the enzyme. The inhibitory effect of the pesticides
was tested then by the incubation of sample solution (20�L)
with enzyme solution (180�L). The remaining enzyme activity
was calculated as the ratio between slope of absorbance signal
(�A) with inhibitor and without inhibitor (Eq.(1))

Activity AChE% = �AInhibitor

�ABlank
× 100 (1)

2.4. Setup of the HPLC–SFEID system

The setup of the segmented flow (SF) system is shown in
Fig. 1. The chromatography system consisted of an on-line
degasser (model DG-1310, Gynkotek, Germany), a HPLC
pump (1) (High Precision pump model 480, Gynkotek,
Germany) and a manual sample injection valve (model 7125,
Rheodyne, Bensheim, Germany) with a 20�L sample loop. The
column used for chromatography was a Luna C18(2), 5�m,
5 cm× 2.0 mm from Phenomenex (Aschaffenburg, Germany).
Water containing 0.1% acetic acid (A) and methanol (B) were
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ssay had a concentration of 10 mU/mL whereas the conc
ion for the HPLC–SFEID was 20 mU/mL. One unit of AC
ill hydrolyze 1�mol of acetylthiocholine per min at pH 8.0
7◦C. DTNB was dissolved in PBS freshly prior each exp
ent to obtain a 25 mM solution. ATCI was dissolved freshl
illipore water to obtain a 100 mM solution. For the micropl
ssay, one volume of the ATCI solution and five volume

he DTNB solution were mixed with four volumes of water
btain the substrate/reagent solution. For the HPLC–EID
urements one volume of the ATCI solution was mixed with
olume of the DTNB solution.

The pesticide standards were dissolved in methanol to o
tock solutions (10 mM) and stored in the refrigerator. For
njection into the HPLC and measurements in the microp
ssay, the solutions were diluted with water to obtain approp
ilutions with not more than 10% of methanol. For the ox

ion of the phosphorothionate chlorpyrifos-methyl, 1780�L of
ater, 200�L of pesticide solution (1 mM in methanol) a
0�L NBS solution (0.4 g/L in water) were stirred at room te
erature for 30 min. The reaction solution was injected dire
ithout further purification.

.3. Enzyme inhibition assay on a microtiter plate

The AChE activity was determined according to the me
f Ellman et al.[52] with some modifications. For optimiz

ion of the on-line enzyme inhibition detection, first exp
ents were performed in flat-bottomed polystyrene plates
reiner (96-well, N̈urtingen, Germany). Every experiment w
one in triplicates. The inhibitory effect of the mobile phase

he enzyme was tested. Organic solvent/water mixtures (18�L)
-

-

n

sed as mobile phases. The flow rate was set to 200�L/min. In
he case of isocratic chromatography, 50% A and 50% B
ixed. For the separation of more than two pesticides, a gra

eparation was carried out. The column was equilibrate
0% A and 10% B. From the starting time to minute 1
oncentration of A decreased steeply to 65%. Then a l
ecrease to 30% A at minute 11 followed. With a third lin
tep the concentration of A reached 10% at minute 13. F
inutes 13–15, the concentration of A was held at 10% A.
The eluate was split into two streams, one to the UV de

or (model 4225, Unicam, Kassel, Germany) and the oth
he enzyme inhibition detection unit. A customized make
ow splitter (Sunchrom, Friedrichsdorf, Germany) was use
he splitting and the subsequent mixing of eluate with enz
olution. With a fixed split ratio of 1:20, 10�L/min of the elu-
te were mixed with 90�L/min of enzyme solution. The flo
f the enzyme solution was achieved with a 10-mL syr

nstalled in a pump (2a) from Harvard Apparatus (model PH
000, Holliston, MA, USA). The fluid passed a T-piece (P-7
pchurch Scientific, Oak Harbor, WA, USA). In the case of g
egmentation, the third port of the T-piece was open to the

The mobile phase with potential inhibitors and the AC
ere pumped into a reaction coil made of a silica capil
ith a length of 270 cm and an inner diameter of 530�m

Polymicro Technologies, Phoenix, AZ, USA). Typical in
ation times were 5.6 min without segmentation, whereas
as-segmentation it was 5.1 min. After the incubation,
TCI/DTNB mixture was added with pump (2b) (250�L-
yringe) with a flow rate of 2.25�L/min. The color developme
ook place in a silica capillary with a length of 150 cm a
n inner diameter of 530�m. A typical development time wa
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Fig. 1. Setup of the HPLC–SFEID (segmented flow enzyme inhibition detector). After the RP-HPLC system, the mobile phase was split. One part (190�L/min)
went to a conventional UV detector, the second part (10�L/min) of the mobile phase to the SFEID. Enzyme solution and substrate/reagent solution were added
continuously. The reaction took place in thermostated reaction coils. Air segments could be inserted by negative pressure generated by the peristaltic pump 3.

3.2 min without segmentation, whereas with gas-segmentation
it took 2.7 min. The inhibition reaction coil as well as the color
development coil were thermostated at 37◦C in a water bath.

The regular insertion of air bubbles into the system was
achieved by negative pressure generated with a peristaltic pump
3 (Ismatec SA, Glattbrugg, Switzerland). By variation of the
aspiration rate of the peristaltic pump, the intervals of the air
bubbles can be influenced. The enzyme activity was recorded at
412 nm by an UV–Vis detector (model K2501, Knauer, Berlin,
Germany) with a micro flow cell (path length 8 mm, inner diam-
eter 150�m, LC-Packings, Amsterdam, The Netherlands).

As expected, a short distance between the air segments
severely disturbed the signal of the detector. Therefore, the
bubbles had to be removed before the liquid flow entered the
detector. A nearly complete removal was achieved by a bubble
filter engineered in-house. The filter was manufactured of acrylic
glass with two 250�m bore holes at an angle of 90◦ and a third
bore hole for inserting a membrane (Whatman grade 40, 8�m
pore size, cellulose, Brentford, Middlesex, UK) shown inFig. 2.

F bble
f ress
a he
l

The liquid is aspirated through the membrane and detector by
two alternating 100�L-syringe pumps (Cavro XL 3000, Tecan
Systems, San Jose, CA, USA). The working principle of the
bubble filter is based on the different breakthrough pressure of
gas and liquid for narrow pores. A higher aspirating rate of the
peristaltic pump than the syringe pumps as well as the mem-
brane back pressure forced most of the gas to the peristaltic
pump outlet. The syringe pumps aspirated with a flow rate of
10�L/min.

3. Results and discussion

3.1. Knitted reactor applied at low flow rates

The performance of a knitted post-column reactor with regard
to band broadening was tested in a model experiment as fol-
lows: the pesticide carbofuran was injected into a carrier liquid
(10% methanol, 90% water) with a flow rate of 100�L/min.
The analyte was first detected by UV absorbance directly after
the injection valve and then after it passed a Teflon tubing coil
of 1 m length and an inner diameter of 0.5 mm. The tubing was
first stretched linear and then it was knitted. The recorded chro-
matograms are shown inFig. 3.

A comparison of the peak widths of the linear and the knit-
ted tubing shows that the knitted reactor shows no significant
i
r road-
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l e that
t tes
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3
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ig. 2. Scheme of the bubble filter. For reliable detector signals, the air bu
rom the gas-segmented stream have to be removed. The breakthrough p
t the cellulose membrane (pore size 8�m) for the gas is higher than for t

iquid.
s
ure

mprovement. According to the literature[28,32], the knitted
eactor should have shown better performance. The peak b
ning in the knitted reactor should be significant less than i

inear reactor due to an induced secondary flow. We assum
he application of knitted reactors is limited to higher flow ra
n macroscopic tubing. Similar conclusions were drawn in[32].

.2. Optimization of HPLC and SFEID

Prior the connection of a HPLC system to the enzyme in
ion assay, the loss of enzyme activity in the presence of or
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Fig. 3. Comparison of linear and knitted reactors. Injection of 20�L of car-
bofuran in a carrier flow of aqueous methanol (10%) at a rate of 100�L/min.
The peak widths were compared between the signal resulting after connecting
the detector and injection valve with a Teflon tubing (1 m length, 0.5 mm I.D.,
solid line), a knitted Teflon tubing (1 m length, 0.5 mm I.D., dotted line) and
without reactor (direct connection to detector, dashed line). The dispersion was
essentially the same for the linear and the knitted reactor.

solvents was examined. The effect of acetonitrile on AChE is sig-
nificantly higher than the effect of methanol (Fig. 4). Therefore,
methanol was chosen as organic solvent for the mobile phase.
A methanol concentration up to ten percent did not lead to a
significant loss of enzyme activity. In the subsequent experi-
ments, one volume of methanolic sample solution was mixed
with nine volumes of enzyme solution to avoid major influ-
ences of the mobile phase on the enzyme activity. Under these
conditions, the baseline was sufficiently stable to identify the
inhibition peaks.

F ssay
T
i
2 deter
m ents
t

Fig. 5. Comparison of on-line HPLC–EID and HPLC–SFEID with HPLC–UV.
Isocratic chromatography separated the pesticides carbofuran (1) and paraoxon-
ethyl (2) as shown by the UV absorption signal (lower part of the chromatogram).
The dashed line (- - -) in the upper part represents the inhibition signal recorded
without segmentation (EID). The solid line (—) represents the inhibition signal
with gas segmentation (SFEID). With the EID detector severe band-broadening
occurs due to the parabolic flow profile and the long residence time in the reaction
coil. Most of the resolution of HPLC is lost in the EID unit. Using the SFEID
detector, the analytes are recorded with almost the same resolution as with the
UV detection. Time offsets have been corrected for comparison.

3.3. On-line analysis of inhibitors with HPLC–EID

With the optimized conditions obtained by the microplate
assay, an EID without segmentation was directly coupled to a
HPLC system. A mixture of a carbamate (carbofuran) and an
organophosphate (paraoxon-ethyl) was injected as described in
Section2. The analytes were separated under isocratic condi-
tions and recorded with the UV detector at 280 nm (Fig. 5, lower
part). Due to the low flow rate and the small inner diameter of
the capillary, the system is characterized by a low Reynolds
number. Therefore, the flow scheme is strictly laminar and the
flow profile is parabolic. The high resolution achieved by the
chromatography was largely lost within the EID by longitudi-
nal dispersion (Fig. 5, upper part, dotted line). The performance
of the HPLC–EID is severely limited due to a very low peak
capacity.

3.4. Reduction of band broadening by HPLC–SFEID

Here, we want to demonstrate the successful coupling of a
HPLC system to an on-line enzyme inhibition detector with
microliter segments. Air was used for the segmentation to avoid
the extraction of analytes into the segmentation medium in the
case of organic solvents. Quartz capillaries were preferred as
reaction coils, because Teflon tubing is gas permeable, PEEK
a s lead
t on to
l ixes
o ub-
i e air
s ing to
P open
ig. 4. The effects of acetonitrile and methanol on AChE in the microplate a
he experiment was done in triplicates. Water/solvent mixtures (180�L) were

ncubated with 20�L of enzyme dilution for 5 min at 37◦C. After addition of
0�L of substrate/reagent solution the remaining enzyme activity was
ined as described in Section2. The organic solvent concentration repres

he amount of solvent in the well prior the substrate/reagent addition.
.

-

nd stainless steel capillaries are opaque. Narrow capillarie
o a tremendous reduction of reagent consumption in relati
arger tubing. The liquid in the segmented stream interm
nly within one segment apart from a thin liquid film on the t

ng wall. To achieve a reproducible backmixing behavior, th
egments should be constant in size and spacing. Accord
oiseuille’s Law the pressure drop across the length of an
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tube is inversely proportional to the fourth power of the tubing
radius. The injection of gas into long and narrow capillaries is
relatively complicated to handle. The compressibility of inserted
gas bubbles leads to unwanted pressure variations in the tube.
The flow rate changes in the case of pressure-dependent pump
characteristics. The equilibration of an air-segmented flow sys-
tem with insertion of pressurized gas is tedious as also described
in the literature[50]. To produce air segments reproducibly in
a short equilibration time, the following steps should be pur-
sued. First, all capillaries are filled with liquid. The T-piece
for the air insertion is open and the pumps1 and 2 (Fig. 1)
deliver the liquid with a fixed flow rate. Now the peristaltic
pump3 is started. The speed of the pump is increased stepwise,
until the pressure in the system is so low that air is aspirated
through the third port of the T-piece. The system is essentially
equilibrated when the air-liquid mixture reaches the peristaltic
pump. The air segments are very uniform in size and are intro-
duced in short intervals of∼4.5 Hz (seeFig. 6 and movie in
Supplementary materials).

The rotation rate and tubing size of the peristaltic pump deter-
mines the frequency of the air segments. The fluid segments
had a volume of approximately 0.5�L, whereas the bubbles
had about half the volume. Bubble size and frequency were
essentially independent of the solvent gradient. The addition of
substrate/reagent solution to the segmented stream was achieved
with a T-piece at a 40 times lower flow rate than the main
s ronic
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S
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Fig. 7. A bubble filter leads to improved signal quality. The air segments were
inserted into the capillary at a frequency of∼4.5 Hz. The signal recorded without
the bubble filter is shown in the lower line. The upper line (offset 700 mV) shows
the signal recorded with the bubble filter. The membrane removed the inserted
bubbles with an efficiency of about 98%.

of the HPLC–SFEID in comparison with the non-segmented
HPLC–EID is shown inFig. 5. With the gas-segmented flow in
the enzyme inhibition unit, the band broadening was reduced
significantly.

3.5. LOD and peak width with HPLC–SFEID

By injection of different concentrations of carbofuran and
paraoxon mixtures into the HPLC–SFEID system, a calibration
curve was obtained (Fig. 8). Carbofuran could be detected down
to 13 ng and paraoxon down to 7 ng (S/N > 3, injected mass). For
comparison, a microplate assay was carried out with the same
incubation time and theoretical sample dilution factors as in the

F d with
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v
H d
5 D
r eup-
fl

tream to avoid a splitting of the bubbles. Since an elect
oise filtering was not possible with very short air interv
Fig. 7, lower line), a bubble filter was engineered as describ
ection2.
Two syringe pumps in alternating action aspirated the

id through a membrane. This setup worked very well u
socratic conditions (Fig. 7, upper line). A mixture of carbo
uran and paraoxon-ethyl was injected under the same c
ions as described above. After injection of a blank sampl
emory effect was observed (data not shown). The high

ution of the analytes achieved in the chromatography cou
ssentially preserved by the SFEID detector. The perform

ig. 6. Air segmentation in quartz capillaries of 660�m outer diameter. Se
ovie inSupplementary materials.
ig. 8. Calibration curves of paraoxon-ethyl and carbofuran were recorde
he HPLC–SFEID (open symbols) and the microtiter plate (solid symbo
omparison. The incubation time was equal for each experiment. The50-
alue for carbofuran was 3.2�M for the MTP assay and 17.8�M with the
PLC–SFEID. The IC50-value for paraoxon was 1.2�M for the MTP assay an
.6�M with the HPLC–SFEID. The higher IC50-values for the HPLC–SFEI
esult mainly from analyte dilution in the isocratic chromatography, the mak
ow splitter and the reaction coil.
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Table 1
LOD and IC50 values for carbofuran and paraoxon-ethyl with MTP and
HPLC–SFEID

Carbofuran Paraoxon-ethyl

ng �M mg/L ng �M mg/L

LOD SFEID 13 3.0 0.66 7.4 1.3 0.36
MTP 4.9 1.1 0.24 3.2 0.58 0.16

IC50 SFEIDa 79 18 3.9 31 5.6 1.5
MTPb 14 32 0.72 6.4 1.2 0.32

a The error of the IC50 values determined from the calibration curve (Fig. 8)
is 14% for Carbofuran and 9.7% for Paraoxon.

b The error of the IC50 values determined from the calibration curve (Fig. 8)
is 1.9% for Carbofuran and 2.6% for Paraoxon.

HPLC–SFEID. The LOD defined as a twenty percent decrease
of enzyme activity was 5 ng for carbofuran and 3 ng for paraoxon
in the microplate assay (seeTable 1).

The IC50-values of the HPLC–SFEID calculated from the
injected mass were higher by a factor of about five compared
to the MTP assay. Intra-column dispersion contributed with a
factor of two to the loss of sensitivity considering the effective
analyte concentration at the peak maximum in the UV-detector.
Therefore, extra-column dispersion caused by fluidic compo-
nents decreases the sensitivity by a factor of about 2–3.

The maximum residue limits for pesticides in drinking water
set by the EU are 0.1 and 0.5�g/L (sum), respectively. These
limits are not toxicity-motivated and based on the precautionary
principle. With the integration of an enrichment step prior to
the chromatographic separation the LOD should be sufficient to
detect toxic compounds at or below the above mentioned limits.

The performance of the HPLC–SFEID was demonstrated
in the following example. A model mixture of two carbamates
(pirimicarb, carbaryl), two organophosphates (paraoxon-ethyl,
dichlorvos) and one organothiophosphate (chlorpyrifos-methyl)
was injected into the system at a concentration of 100�M

F rvos
( ition
s t com
p corde
s ethyl
(

Table 2
Retention timetRet and peak widthw1/2 of the HPLC–SFEID separation of five
pesticides in (min)

Pesticide UV (230 nm) SFEID (412 nm)

tRet w1/2
a tRet tRet (with

7.7 min offset)
w1/2

b

Pirimicarb 13.25 0.39 20.85 13.17 0.44
Dichlorvos 14.18 0.34 21.92 14.24 0.49
Carbaryl 15.16 0.40 22.96 15.28 0.43
Paraoxon-ethyl 16.19 0.40 23.78 16.10 0.57
Chlorpyrifos-methyl 21.56 0.41 – – –
Chlorpyrifos-methyl (after

oxidation with NBS)
17.61 0.51 25.26 17.58 0.59

a The full width at half maximum was determined with an error of 5% for the
UV detector signal.

b The full width at half maximum was determined with an error of 15% for
the SFEID signal.

for each pesticide. The separation was performed by a
methanol/water/acetic acid gradient on a reversed phase column
as described in Section2. Unfortunately, the bubble filter
worked less efficient under these conditions. Varying viscosity
and surface tension due to the gradient elution caused the
occasional breakthrough of bubbles due to the changing back
pressure of the liquid and gas at the filter paper. Nevertheless,
useful inhibition curves could be recorded (Fig. 9).

All five pesticides could be separated and subsequently
detected by UV and four of the pesticides with the SFEID-
detector, too. The fifth pesticide chlorpyrifos-methyl showed
no signal with the SFEID-detector, because thiophosphates do
not inhibit AChE significantly. Dichlorvos (2) has no conjugated
double bonds. Hence it shows a very weak absorbance, even at
230 nm. A sensitive analysis of dichlorvos usually has to be per-
formed by GC or LC/MS. With the HPLC–SFEID dichlorvos
was easily detected by the strong inhibitory effect on AChE (see
peak 2 inFig. 9).

For the separation of complex mixtures, a chromatogram
should resolve as many peaks as possible. For the peak width at
half heightw1/2 the value of paraoxon-ethyl as a representative
value was chosen. In the experiment, the peak width of the UV-
detector signal (0.40± 0.02 min) was∼30% less than the peak
width of the SFEID signal (0.57± 0.09 min).

The loss in resolution as well as the higher detection limit
of the HPLC–SFEID compared to the microtiter plate assay
( eg-
m terial
a ted.
L wall
i ent
s nother
l

4

gas-
s fect-
d stem
ig. 9. HPLC–SFEID with a mixture of the pesticides pirimicarb (1); dichlo
2); carbaryl (3); paraoxon-ethyl (4) and chlorpyrifos-methyl (5). The inhib
ignal was satisfactory, although the separation of liquid and gas was no
lete. Residual bubbles flowing through the detector cause positive re
ignals. The inhibitor signal of the organothiophosphate chlorpyrifos-m
5) was detected after oxidation with NBS (data shown inTable 2).
-
r

Table 1) is partly due to the residual dispersion in the s
ented flow. Depending on the properties of the tubing ma
nd the liquid, the surface of the tube wall is usually wet
iquid from one segment is therefore deposited on the tube

n the form of a liquid film and is picked up by the subsequ
egment. This substance transfer from one segment to a
eads to some longitudinal dispersion.

. Conclusions

This work demonstrates that chromatography with
egmented biochemical detectors is a powerful tool for ef
irected analysis. To limit reagent consumption, the sy
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works in the flow range of 100�L/min. In these micro-scale
systems, band broadening due to longitudinal dispersion is one
of the main problems. The use of gas-segmentation is particu-
larly advantageous for the analysis of complex mixtures, because
the high resolution of modern liquid chromatography is essen-
tially retained in the reaction coils of the homogenous enzyme
inhibition detection. This was demonstrated by separation of
insecticide mixtures with isocratic and gradient chromatogra-
phy, respectively, followed by the online detection of acetyl-
cholinesterase inhibition.
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