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a b s t r a c t

Saliva is of interest as a diagnostic aid for oral and systemic diseases, to monitor therapeutic drugs, and
detect illicit drug abuse. It is also attractive for biological monitoring of exposure to hazardous solvents.
The major advantage of this indicator over other biological monitoring targets is that the saliva is noninva-
sive and less confidential in comparison with blood and urine. Salivary analysis is generally acceptable by
study subjects and can be applied to investigation of a wide variety of compounds. However, very few stud-
ies have been conducted on the saliva matrix to monitor exposure to hazardous solvents. The aim of this
study is to establish an analytical method, headspace solid-phase microextraction (HS-SPME) followed
by gas chromatography–mass spectrometry (GC–MS), by which the saliva matrix can be monitored for
multiple compounds with various polarities, such as methyl ethyl ketone (MEK), isopropyl alcohol (IPA),
and N,N-dimethyl formamide (DMF) (common solvents used in synthetic leather manufacture), as well
as acetone (ACE) and N-methyl formamide (NMF) (metabolites of IPA and DMF, respectively). We stud-
ied this technique as an alternative biological monitoring method for investigating exposure to hazardous
solvents. A Carboxen/Polydimethylsiloxane (CAR/PDMS 75 �m) fiber coating was employed for this study,
and various extraction and desorption parameters were evaluated. The extraction efficiency and repro-
ducibility of analyses was improved by pre-incubation. The limits of detection were 0.004, 0.003, 0.006,
0.05, and 0.10 �g/mL for ACE, MEK, IPA, DMF, and NMF, respectively. Method validation was performed on
standards spiked in blank saliva, and a correlation was made between HS-SPME and traditional solvent
pretreatment methods. It was found that correlation coefficients (r) were greater than 0.996 for each ana-
lyte, with no significant differences (p > 0.05) between two methods. However, the SPME method achieved
lower limits of detection, with good accuracy (recovery 95.3–109.2%) and precision (1.17–8.22% CV) for

both intra- and inter-assay, when quality control samples were analyzed for all five compounds. The par-
tition coefficient for each compound between the headspace of the saliva sample and the CAR/PDMS fiber
coating was 90.9, 170.1, 36.4, 3.70 and 0.92 for ACE, MEK, IPA, DMF and NMF, respectively. Real sample
analyses were performed on workers in a synthetic leather factory. In summary, the SPME method is a
highly versatile and flexible technique for chemical measurement, and we demonstrate its application for
monitoring biological exposure to hazardous solvents. Saliva monitoring using sensitive SPME approaches
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. Introduction

Personal air monitoring is a routine method used by industrial
ygienists to investigate external exposure to hazardous volatile
rganic compounds. Total internal exposure, including topical

bsorption of organic solvents, can be elucidated by biological mon-
toring of blood and/or urinary metabolites. Many authors have
roduced remarkable advances in sensitive techniques which have
ncouraged the analysis of chemicals in conventional biological
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osure should prove useful as an alternative exposure monitoring method.
© 2008 Published by Elsevier B.V.

amples, particularly in urine. In comparison to blood and urine
atrices, saliva has the advantages of being non-invasively col-

ected, being readily accessible with fewer confidentiality concerns,
aving a much lower protein content than other physiological flu-

ds, and being relatively free of interfering substances [1]. A good
orrelation between saliva and plasma levels for health investiga-
ion parameters makes saliva an attractive health diagnostic tool for
ystemic diseases [2]. There is a wide variety of applications in saliva

nvestigation that are pursued by dental and medical researchers
or therapeutic drug monitoring and illicit drug abuse detection.

few studies have also explored saliva from a comprehensive
ealth perspective, considering the role of this fluid in reflecting
he health, comfort, and well-being of the human organism [3].

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:vswang@mail.cmu.edu.tw
dx.doi.org/10.1016/j.jchromb.2008.11.006
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ome studies have studied saliva to evaluate chemical exposure
nd consequent health effects. For example, Ernstgård et al. inves-
igated biological samples of exhaled air, blood, saliva, and urine
n an inhalation toxicokinetics study on isopropyl alcohol and m-
ylene exposure. The headspace of isopropyl alcohol, its metabolite
cetone, and m-xylene were monitored in biological matrices, and
he authors proposed that the compounds measured in saliva might
e a useful indication of internal exposure [4,5]. Rose et al. studied
oncentrations of acetone in both blood and saliva during isopropyl
lcohol exposure and concluded that a high correlation was found
etween these two biological matrices for either individual subjects
r the entire study group [6]. Saliva is a complex and dynamic bio-
ogical fluid. A properly established method of collection, storage,
nd analysis is essential to obtaining meaningful results for saliva
onitoring and consequent health effect evaluation [7]. The initial

oal of this research was to verify whether saliva can be included as
means of biological monitoring, providing an alternative option

or exposure monitoring.
Liquid–liquid extraction followed by headspace analysis has

ommonly been applied for biological sample pretreatment prior
o measurement [4,5]. However, liquid–liquid extraction methods
uffer from complicated sample preparation procedures, sample
oss, introduction of interferences, significant time consumption,
nd hazardous solvent consumption. The sensitivity of headspace
nalysis is limited, as well [8]. In contrast, solid-phase microex-
raction is a sample preparation method which has the unique
dvantages of simplicity, reliability, flexibility, and freedom from
olvent consumption. This method is capable of integrating sample
retreatment and introduction into an instrument for analysis in
he same device. It performs component isolation and concentra-
ion in one step, because the polymeric material coated on a fused
ilica fiber that acts as selective sampling media for concentrating
xtracted compounds, and the same polymer coated fiber can be
irectly introduced into the analysis instrument. As a result, the
verall measurement time can be reduced [9–13]. This method has
een extended to analysis of polar and non-polar volatile, semi-
olatile, and non-volatile compounds in air, water, soil, natural
roducts, and biological samples. There have been several appli-
ations using direct immersion SPME for drug analysis in saliva
1,11,14]. However, there have been few applications of HS-SPME
or measuring volatiles in saliva, especially with respect to exposure

onitoring.
N,N-Dimethyl formamide (DMF) is the most-consumed solvent

or both dry and wet processes during synthetic leather manu-
acturing. In addition, methyl ethyl ketone (MEK), and isopropyl
lcohol (IPA) are often used as solvents and co-solvents for machine
leaning and maintenance. In Taiwan, the total annual synthetic
eather production is 70,000 km in length [15]. It is estimated
hat manufacturing 1 m of leather by the wet process requires

minimum input of 0.9 kg DMF [16]. DMF is readily absorbed
nto the body, either when inhaled or upon dermal contact. Expo-
ure to DMF may cause a variety of adverse health effects, with
he hepatotoxicity of DMF associated with the most relevant
eing the biotransformation into N-methyl formamide (NMF) [17].
he primary metabolic reaction of DMF is oxidation to either N-
ydroxymethyl-N-methyl formamide (HMMF) by cytochrome P450
E1 (the predominant urinary metabolite of DMF excreted in urine),
-acetyl-S-(N-methyl-carbamoyl)cysteine, or the minor metabolite
-methyl formamide. HMMF is stable in aqueous solution, but it is

hermally degraded into NMF during gas chromatographic analy-

is. As a result, NMF is commonly employed as biological marker
or exposure [18–20]. MEK is another widely used industrial chem-
cal, and it has been studied extensively for possible human health
r environmental effects. The previous studies reveal that MEK can
e well absorbed by either oral or inhalation route and undergoes
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elatively rapid clearance in its original form from the body as a
esult of metabolism [21]. Isopropyl alcohol is a central nervous sys-
em depressant and a human sensitizer, and it can irritate the eyes
nd rhinopharynx. It is metabolized by aldehyde dehydrogenase to
cetone [22].

At workplaces, multi-solvents are commonly used. The expo-
ure of airborne organics through respiration must continuously
e monitored to protect the health of workers. The consumption of
MF and co-solvents as a mixture might contribute to their adverse
ealth effects [23]. DMF, MEK and IPA are categorized as class II toxic
rganic solvents under the labor safety and health law of Taiwan for
reventing organic solvent toxication. While those compounds are
pplied in workplaces, suitable protective strategies are required,
.e., installation of ventilation systems, supply of respirators, and
upply of gloves for workers to wear. In addition, personal airborne
xposure monitoring at workplaces is required once every 6 months
24]. The health effects to laborers in the synthetic leather industry
re a persistent cause of concern in the leather-producing industry.

The aim of this study is to establish an alternative exposure mon-
toring method by using solid-phase microextraction followed by
as chromatography–mass spectrometry for preparation and mea-
urement of multi-component mixtures with different polarities in
he saliva sample matrix. While similar studies have analyzed blood
nd urine, the study presented in this paper extended the biolog-
cal monitoring to the saliva matrix. This approach is common in
he therapeutic arena, but is seldom used for exposure monitoring.

. Experimental

.1. Materials

All reagents were analytical grade. N,N-Dimethyl formamide,
sopropyl alcohol, methyl ethyl ketone and methanol were obtained
rom Tedia (Fairfield, OH, USA). Acetone was from Fisher Scientific
Fair Lawn, NJ, USA). N-Methyl formamide (>99%) and mass tuning
eference perfluorotri-n-butylamine were purchased from Fluka
Steinheim, Switzerland). Sodium chloride was purchased from E.

erck (Darmstadt, Germany). Sodium acetate and sodium nitrate
ere purchased from Showa (Tokyo, Japan). Helium with 99.999%
urity for GC–MS was supplied by Sanfu Gas (Taiwan, ROC). The GC

njector liner and sample vials were purchased from Supelco (Belle-
onte, PA, USA). The stirrer/heater with aluminum rack for sample
xtraction was from Barnstead/Thermolyne (SP46925, Dubuque, IA,
SA). A Centrifuge was from Kubota (model 5800, Tokyo, Japan).
he mechanic agitator was acquired from Scientific Industries
Vortex-Genie 2 G-560, NY, USA).

.2. SPME fibers

The compounds investigated in this study were character-
zed as both semi-volatile and volatile (bp range 56–185 ◦C)

ith various degrees of polarity. The commercially available
ypes of fiber coating with different polarities were prospec-
ively selected for performance evaluation in the present study.
he following bipolar fiber coatings on fused silica cores were
ncluded for testing: Carboxen/Polydimethylsiloxane (CAR/PDMS
5 �m), Carbowax/Divinylbenzene (CW/DVB 65 �m), Poly-
imethylsiloxane/Divinylbenzene (PDMS/DVB 65 �m), Divinylben-
ene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS 50 �m),

nd a polar coating of Polyacrylate (PA 85 �m). All SPME fiber
ssemblies and holders were from Supelco (Bellefonte, PA, USA).

The amount extracted with good reproducibility and low devi-
tion was the major factor considered during fiber selection. The
ber was exposed in the headspace of the saliva sample containing
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fiber was performed on a manual SPME holder while the fiber was
inserted into the vial at a fixed depth for all analyses and exposed in
the vapor phase for an appropriate period of time with constant stir-
ring at 80 ◦C. The fiber never comes in direct contact with the saliva
6 V.-S. Wang, M.-Y. Lu / J. Ch

arget analytes and heated at 80 ◦C during the 15-min extraction. At
he end of the extraction period, the fiber with adsorbed analytes
as immediately transferred into the modified SPME injector of the

as chromatograph and thermally desorbed, separated, and quan-
ified. Each experiment was performed in triplicate using separate
ials for extraction and analysis. The amount of analyte extracted
nto each fiber type was compared under the same procedure and
onditions.

.3. Instrumentation

All analyses were performed using a solid-phase microextrac-
ion apparatus (Supelco, Bellefonte, PA, USA) coupled with a gas
hromatograph (AutoSystem XL, PerkinElmer, Norwalk, CT, USA)
sing a fused silica capillary column (DB-WAX 60 m × 0.25 mm

D × 0.25 �m thickness of polyethylene glycol film, J&W Scientific,
olsom, CA, USA) and equipped with a quadrupole mass spectrom-
ter (Turbo mass Spectrometer, PerkinElmer). A 0.75 mm ID liner
Supelco) was inserted into the injector for SPME fiber introduction.
he GC injector temperature was 250 ◦C. The column oven tem-
erature started at 40 ◦C, was held at that temperature for 3 min,
nd then was heated through the following program: 40–60 ◦C at
◦C/min, 60–250 ◦C at 40 ◦C/min, and then held at 250 ◦C for 4 min.
he carrier gas was helium with a flow-rate of 0.8 mL/min and a 1:5
plit ratio. Electron impact at 70 eV was selected as the ionization
ode for the mass spectrometer, and the electron multiplier volt-

ge was 260 V. The temperature of the transfer line, ion source, and
etector of the mass spectrometer were all set at 270 ◦C. The mass
pectrometer was tuned with perfluorotri-n-butylamine each day
n start up.

Mass spectra were used for qualitative confirmation of target
nalytes. For compound identification, the total mass scanning
ange was 30–200 m/z. The compounds were quantified in selected
on recording (SIR) mode. The target ions for quantification and
onfirmation were 43 and 58 m/z for acetone; 43, 57, and 72 m/z for
ethyl ethyl ketone; 43 and 45 m/z for isopropyl alcohol; 42, 44,

nd 73 m/z for DMF; and 30, 42, 58, and 59 m/z for NMF. Each target
ompound was identified by retention time using standards and
he mass spectrum provided by the National Institute of Standard
nd Technology (NIST, Washington, DC, USA) spectral library. The
orresponding peak areas versus concentrations were employed to
onstruct the calibration curve of each analyte. In order to prevent
olumn bleeding [25], a thin film, 0.25-�m thickness column was
elected, as it represented a compromise between the high resolu-
ion obtained with thin films and the high capacity available with
hick films.

.4. Extraction theory and partition coefficient

HS-SPME is performed with the fiber immersed in the vapor
hase above an aqueous sample [12,26,27]. Analyte equilibra-
ion occurs between the liquid sample, the headspace, and the
olymeric fiber coating. At equilibrium, the amount of individual
nalyte initially present in the sample matrix will be distributed in
hree phases and can be written as Eq. (1):

0Vs = CfVf + ChVh + CsVs (1)

here C0 is the initial concentration of analyte in the aqueous
atrix, and Vs is the volume of sample. Cf, Ch, and Cs are the equilib-
ium concentrations of the analyte in the fiber coating, headspace,
nd sample, respectively. Vf and Vh are the volumes of the fiber and
eadspace, respectively. It is assumed that activities can be rep-
esented by concentrations. The partition coefficient between two
hases is defined as the ratio of the concentration of a component
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n each phase, as shown in Eq. (2):

Kfh = Cf

Ch

Khs = Ch

Cs

Kfs = Cf

Cs

(2)

here Kfh, Khs, and Kfs are the partition coefficients of the ana-
yte between the fiber and headspace, headspace and sample, the
ber and sample, respectively. Therefore, the mass of the analyte
xtracted by the fiber coating, nf = CfVf, can be described using Eq.
3):

f = KfsVfC0Vs

KfsVf + KhsVh + Vs
(3)

The amount of analyte adsorbed onto the fiber depends on the
apacity of the fiber (KfsVf), the headspace volume (KhsVh), the
ample volume (Vs), the thickness of the polymer coating, and the
artition coefficient of the compound. SPME has a very effective
oncentrating effect and leads to good sensitivity. Kfs values usually
re not sufficiently large to exhaustively extract the analyte from
he matrix, hence SPME is generally considered to be an equilibrium
ampling method. The amount of analyte adsorbed by the coating
t equilibrium is directly related to the concentration of the ana-
yte in the sample [12]. The mass of analyte in the system does not
hange significantly after each extraction [27]. Extraction time is
etermined by the length of time required to obtain precise extrac-
ions for the analytes with the highest partition coefficients. The
artition coefficient increases with increasing molecular weight
nd increasing boiling point of the analyte [12]. Partition coefficient
fs can be obtained by measuring both the amount extracted on the
ber and the amount in the sample matrix when the three-phase
quilibrium described by Eq. (2) is reached.

.5. Standard solution and sample preparation

A standard stock solution of saliva was prepared by spiking
tandards of acetone, methyl ethyl ketone, isopropyl alcohol, N,N-
imethyl formamide, and N-dimethyl formamide into the blank
aliva collected with consent from 22 and 23 years old healthy
ales who had not been exposed to the target chemicals. The pre-

ared stock standards were kept in a −70 ◦C freezer until use. Prior
o analysis, the frozen standards and samples were defrosted.

.6. SPME analytical procedure

An aliquot of 1 mL saliva was placed into a 15 mL amber vial with
magnetic stir bar (8 mm × 3 mm, Hong-Yu Co., Taiwan, ROC), and
.30 g of sodium chloride salt was added. The vial was sealed with
PTFE-lined rubber septum aluminum cap and stirred at 1000 rpm
nd 80 ◦C for 180 min in a sample vial rack on the stirrer/heater
or pre-incubation prior to extraction. Sample extraction onto the
atrix, otherwise a contamination to the fiber is revealed. After
xtraction, the fiber was immediately exposed to the GC injector at
50 ◦C for desorption and analysis. All fibers were conditioned in
he GC injection port prior to use according to instructions provided
y the manufacturer.
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The affinity of individual compounds was different for the
five types of coating, and the results showed that fibers coated
with CAR/PDMS provided comprehensively better response in area
counts and duplication for all the compounds studied (Fig. 1). In this
figure, a logarithm transformation was performed on area counts
V.-S. Wang, M.-Y. Lu / J. Ch

.7. Method validation

The working calibration range of the GC–MS was verified by
mploying optimized SPME parameters in this study for each
tandard analyte spiked into blank saliva matrix at five different
oncentrations between 0.16 and 16 �g/mL for ACE, MEK, and IPA.
or DMF and NMF, the calibration range was verified for concentra-
ions between 0.3 and 30.0 �g/mL. These calibration curves were
lotted with area counts against concentrations.

Limit of detection (LoD) was performed by spiking pre-tested
owest detectable amount of each component into blank saliva

atrix in seven replicates and analyzed according to established
ethod. The corresponding concentration of three times standard

eviation of seven replicates for each component was reported as
oD. Limit of quantitation (LoQ) was equivalent to three times LoD.
he precision (CV%) and accuracy (recovery%) of the method were
valuated concomitantly through quality control samples of both
ntra- and inter-day assays while individual experiment was per-
ormed.

A parallel method validation was performed between the estab-
ished HS-SPME-GC–MS method and the more traditional solvent
retreatment method. The solvent pretreatment method was per-
ormed using the same procedure as our previous study examining
rine samples in our laboratory, since no specific sample pretreat-
ent method is available for the saliva matrix [23]. In brief, the

aliva sample was mixed 1:1 (v/v) with methanol by the aid of
echanical agitation for 2 min. This mixture was centrifuged at

650 × g for 10 min, and the methanol sample solution was then
eady for analysis.

.8. Study subjects

The real saliva samples were collected from workers in a syn-
hetic leather factory. Volunteers from both the production lines
orkers and the administrative staffs were recruited in this study.

he participants were informed orally and in written form about
he design of the study and their freedom to discontinue whenever
hey wanted. The Ethics Review Board of China Medical University
ospital approved this study. A total of 238 valid saliva samples
ere collected from 34 workers twice a day at both the beginning

pre-shift) and end (post-shift) of their shift over the course of 5
onsecutive days. Among them, 24 subjects were from production
ines and 10 subjects were from administrative office. Some work-
rs were off duty during the sampling period, therefore, the total
umber of samples was less than it should be.

For collection of saliva real samples, volunteers were asked to
xpectorate as much saliva as possible into a 20 mL glass vial, and
he vial was sealed immediately. The collected saliva samples were
ept in an icebox for temporary storage during the collection period
nd transferred to a −70 ◦C freezer in the laboratory on the same
ay. Real sample analysis was performed using the established
PME method.

.9. Data processing

SAS 9.1 software for Windows was used to evaluate the results.

. Results and discussion
There are three phases involved in the HS-SPME extraction sys-
em, namely an aqueous sample matrix, a headspace vapor phase,
nd a solid polymeric fiber coating. The target analytes in the saliva
ample matrix were first evaporated into the gas phase, and then
xtracted onto the solid-phase coating of the fiber. At equilibrium,

F
o
D

ogr. B 877 (2009) 24–32 27

he amount of individual analyte initially present in the saliva sam-
le matrix will be distributed in these three phases. It is necessary to
ptimize the analytical parameters for a SPME quantitative method
ecause it can facilitate method applications. The conducted inves-
igations include: (i) optimizing instrumental analysis parameters,
ii) selecting extraction method and phase of fiber coating, (iii)
ptimizing sample volume and vial size, (iv) optimizing extraction
emperature and time, (v) verifying relevant extraction parameters,
uch as pre-incubation temperature and time, matrix agitation,
H, and salting effect, (vi) optimizing desorption temperatures
nd times, (vii) evaluating partition coefficient, (viii) validating
stablished method quantitatively, and (ix) performing real sample
nalyses.

.1. Selecting extraction method

There are two variants of SPME extraction. The first is headspace
PME (HS-SPME), in which volatile analytes transfer from the sam-
le matrix to the headspace above the sample, and are extracted
rom that headspace without the SPME fiber ever directly contact-
ng the sample. The second variant of SPME allows extraction of
ess-volatile, higher molecular-weight components by immersing
he SPME tip in the sample matrix itself. HS-SPME is recommended
or body fluid measurements [12]. The major advantage of this

ethod in biological analysis is that it prevents direct contact of the
ber with sample, thereby eliminating contamination of the fiber
urface by complex endogenous substances in the biological matrix.
his limits formation of a diffusion barrier due to clotted proteins,
nd it also prevents burning-in of adsorbed organic material dur-
ng desorption in the high-temperature GC injector port. The risk
f a decreased partition coefficient, Kfs, between the fiber coating
nd sample due to depletion of the fiber coating is reduced, and the
ifetime of the fiber is increased considerably because irreversible
amage is delayed. The enrichment of analyte through HS-SPME is a
nique advantage relative to other headspace sample pretreatment
ethods [12]. The HS-SPME technique also prevents GC column

ontamination by high-molecular-weight proteins in the biological
atrix. HS-SPME was therefore employed.

.2. Selecting phase of fiber coating
ig. 1. The fiber performance evaluation. A logarithm transformation is performed
n area counts. Fiber identifications: C-P: CAR/PDMS; PA: polyacrylate; D-C-P:
VB/CAR/PDMS; P-D: PDMS/DVB; C-D: CW/DVB.
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ue to large differences in response among various target com-
ounds. However, the area counts were comparatively lower for
MF and NMF than for other, more volatile components. It could
e considered that the CAR/PDMS fiber coating material is most
ppropriate for small and volatile compounds [28]. However, the
ompromise was made in fiber selection without losing precision
nd accuracy, even though the chemical characteristics of target
nalytes varies tremendously as in this study. The time for equi-
ibration increases with fiber thickness, and thus the amount of
nalyte extracted onto the fiber also varied [25]. A shorter equi-
ibrium time was preferred, and the fiber with 75 �m CAR/PDMS
nstead of 85 �m was therefore selected for further study. Knupp et
l. analyzed N-hydroxymethyl-N-methyl formamide and N-methyl
ormamide in urine using fibers coated with PDMS/DVB [29]. In
ur study, the area counts of PDMS/DVB are similar to those for
AR/PDMS for NMF, but we see dramatically reduced responses for
ther compounds.

.3. Optimizing sample volume and vial size

The effect of fixed sample volume with different headspace vol-
me was investigated, and vials with volumes of 4, 15, and 20 mL
ere included for this study. The results showed that the 15 mL

ial provided the largest area counts. This might be due to the
ower headspace available for a 4 mL vial and the greater extrac-
ion time required for a 20 mL vial. Longer extraction time was not
referred, and thus the 15 mL vial was adopted in this study. In con-
equence, the 15 mL vial containing different saliva sample volumes
f 1, 2, 4, 6, and 8 mL with corresponding headspaces of 14, 13, 11, 9,
nd 7 mL, respectively, were evaluated for suitable sample size. The
esults showed that the area count increased concomitantly with
he volume of headspace. A sample volume of 1 mL with the largest
eadspace resulted in the largest area counts, as shown in Fig. 2,
nd this size was thus employed for further study.

.4. Optimizing extraction temperature and time

SPME is an equilibrium extraction method that takes the
dvantage of differences in extracting phase-matrix partition coef-
cients to separate target compounds from interferences. This
xtraction technique is more selective and less susceptible to
nterferences [10]. In HS-SPME, the temperature will affect the
artition coefficients between fiber-vapor and sample-vapor, and

hus affects the amounts of analyte extracted onto the fiber. The
artition coefficient between fiber and headspace, Kfh, decreases
ith increasing temperature; meanwhile the partition coefficient

etween headspace and sample matrix, Khs, increases. On the other
and, the time for extraction is considerably reduced in HS-SPME

ig. 2. The evaluation of saliva sample volumes. A logarithm transformation is per-
ormed on area counts.
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ig. 3. The evaluation of pre-incubation time. A logarithm transformation is per-
ormed on area counts.

t increased temperatures, and an appropriate temperature control
s recommended for many applications [8,12,30].

The effect of extraction temperature was studied at 30, 40, 60,
nd 80 ◦C. This study showed that an extraction temperature of
0 ◦C provided a response that was the most stable and compara-
ively higher for most compounds. Temperatures higher than 80 ◦C
ill easily form boiling bubbles which may damage the fiber due

o contact with contaminants in the sample matrix.
The extraction time and the relative number of molecules

xtracted at a distinct time are concentration independent for
he SPME sorption mechanism. However, the absolute number of

olecules extracted at a particular time is linearly proportional to
he concentration of analyte [12,31]. This phenomenon is the basis
f SPME quantitation. An in situ headspace direct extraction was
erformed on saliva samples by SPME fiber at various time peri-
ds in this study. It was found that the extracted amount reached
ts maximum at 180 min, as revealed by the maximum instrument
esponse with less variation compared with other time periods.
owever, the relative standard deviations in triplicate analyses
ere in a range of 10–42% for different compounds investigated.

.5. Verifying pre-incubation temperature and time

It has been reported that the pre-incubation process prior to
xtraction is an important step for extraction. Ezquerro et al.
roposed a pre-incubation procedure for analyzing volatile com-
ounds in packing materials. In that procedure, the sample was
reheated to evaporate the components from the sample matrix

nto the headspace before extraction was performed. Their study
onfirmed that the pre-incubation temperature and time are two
mportant variables affecting extraction of VOCs by HS-SPME [32].
he evaluation of optimum pre-incubation temperature and time
as thus performed in the present study. Different pre-incubation

ime periods of 30–210 min at temperatures ranging from 30 to
0 ◦C and various extraction time periods from 3 to 15 min were

nvestigated. A pre-incubation temperature of 80 ◦C for 180 min,
ollowed by 5 min extraction revealed overall higher area counts
nd good reproducibility (within 15% standard deviation) on anal-
sis for all five compounds. There was no significant difference
p > 0.1) between the 180 and 210 min time periods for all analytes
s evaluated through a paired-t test as shown in Fig. 3. The com-
arison was then performed between two different methods, i.e.,
re-incubation for 180 min followed by 5 min headspace extrac-
ion, and in situ headspace extraction (without pre-incubation) for

80 min. The results showed that the amount extracted increased
ore than 50% for ACE and MEK with pre-incubation as com-

ared with in situ extraction, and standard deviation for triplicate
nalyses was lower for all compounds with the pre-incubation pro-
edure (6–15%) compared to in situ extraction (10–42%) (Fig. 4).
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Fig. 4. Comparison between pre-incubation and in situ extraction.

he present study confirmed that the pre-incubation procedure
id improve the analytical results in terms of amount extracted
nto the fiber and the precision of the analysis. Our results are con-
istent with previous reports that pre-incubation temperature and
ime affect extraction efficiency and reproducibility [32]. There-
ore, sample pre-incubation at 80 ◦C for 180 min to equilibrate the
ystem, followed by 5 min headspace extraction was employed for
urther investigation. This might seem to offset the claimed time
aving of SPME methods. However, the pre-incubation procedure
an be processed for a batch of samples in the same time period.
herefore, the overall time consumed for analyzing a group of sam-
les does not increase substantially, but precision and accuracy can
e significantly improved. A previous studies by Avila et al. reported
hat the equilibration time for VOCs between the gas phase and
queous phase in their study system was more than 200 min due
o chemical and thermal equilibrium effects [30], and Poerschmann
erformed overnight equilibration for analytes at the ppb level [27].
he pre-incubation time employed in our study is acceptable when
ompared to those in previous papers.

.6. Investigating matrix agitation

Among the three phases involved in the headspace extraction,
he diffusion coefficient of volatile compounds in the gas phase is
ery large. As a consequence, the mass transfer of analytes from
eadspace to the fiber is fast. The extraction rate for the HS-SPME
herefore depends on the mass transfer efficiency from the sam-
le matrix to headspace. Magnetic stirring of the aqueous matrix
an improve the extraction rate significantly [10]. The saliva sam-
le matrix was viscous which is not favorable for improved mass

ransfer efficiency. However, sample agitation will speed up the

ass transfer of analytes from the saliva matrix to the headspace
nd assist in system equilibration. As a result, the extraction rate
s increased [28]. The rate of magnetic stirring was therefore var-
ed in the study system, and extraction efficiency was evaluated.

2
a
v
H
c

able 1
he effect of salt on area counts.

nalyte Amount of NaCl added (%, w/v) (n = 3)

0 10

cetone 729,149 (3.55) 729,13
ethyl ethyl ketone 4,100,320 (2.68) 3,964,5

sopropyl alcohol 345,538 (5.71) 229,81
,N-Dimethyl formamide 350,353 (7.88) 408,53
-Methyl formamide 91,519 (10.57) 88,571

alue: average area counts (CV%).
ogr. B 877 (2009) 24–32 29

agnetic stirring revolution rates of 800, 1000, and 1200 rpm were
nvestigated, and it was found that the rate of 1000 rpm provided
he highest efficiency in reaching equilibrium, with area counts
eing quite precise for all components. Ultrasonic agitation was
lso evaluated but was found to be inferior to magnetic stirring.
his result agrees with previous reports that magnetic stirring was
etter than sonication for the detection of clozapine in plasma, and

t was concluded that magnetic stirring was better applied for SPME
n biomedical analysis [12].

.7. Investigating pH and salting effect

The extraction efficiency of water-soluble compounds can be
ffected either by adjusting the pH or by modifying the ionic
trength. Adding sodium chloride to the sample or changing the
ample pH prior to extraction can increase the ionic strength of the
olution and, in turn, reduce the solubility of analytes in solution.
he amount of analyte extracted by the fiber can thus be increased
28]. In the present study, pH adjustment and salt addition were
nvestigated. The pH of saliva for healthy people is in the range of
.8–7.1, with no change during storage at −80 ◦C for 6 weeks [33].
he pH of a pooled blank saliva matrix was measured to be 6.9 in this
tudy. The effect of pH on sample preparation was tested at three
ifferent values of pH 4.0, 6.9, and 10.0. The pH of saliva matrices at
H 4.0 and 10.0 was adjusted by either acidic or basic buffer solu-
ions. The results revealed that there was no significant difference
mong pH 4.0, 6.9, and 10.0 in terms of instrument responses and
ariations. Saliva samples were analyzed with no adjustment on pH,
herefore. The near-neutral sample matrix limits the possibility of
amage by base or acid in the gas phase.

Adding salt to the aqueous sample matrix will change its elec-
rolytic properties, and thus affect the solubility of analytes [9].
he amount and type of salt added was evaluated. NaCl, NaNO3,
H3COONa were evaluated. A saturated amount of each salt was
dded into the same saliva sample matrix individually and studied.
aCl provided highest area counts and the least deviation (espe-
ially for DMF and NMF) relative to samples containing NaNO3,
H3COONa, or lacking salt. The responses of acetone and isopropyl
lcohol did not increase as much as those of DMF and NMF. The
EK peak area did not change significantly.
Different amounts of NaCl at 0.10 g (10%, w/v), 0.20 g (20%), and

.30 g (30%) were added into the saliva sample matrix. The results
howed that the saturated amount of 0.30 g of NaCl increased the
rea counts about 30% for ACE and IPA, by more than 140% for DMF
nd NMF, but yielded no obvious increase for MEK (Table 1). The
ddition of 0.30 g NaCl was employed for further study. The amount
dded in this study was in agreement with the recommendation of

5–30% salt addition to increase ionic strength of the aqueous layer
nd drive the organic components away from saliva matrix into the
apor phase that leads to an increase of the extraction efficient in
S-SPME because of salting-out effects [9,27]. The present study
onfirmed that the extraction efficiency was increased by addition

20 30

3 (4.28) 802,470 (6.42) 948,559 (1.96)
10 (1.56) 4,212,779 (7.22) 4,224,053 (4.24)

1 (5.30) 264,842 (3.26) 440,407 (3.16)
6 (4.33) 400,962 (2.22) 839,462 (1.61)
(1.08) 96,821 (12.31) 261,591 (4.61)
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provided approximately 2–70 times lower limits than that of the
solvent pretreatment method. Our results confirmed that sensi-
tivity of the measurement can be improved, and a lower range of
sample concentrations can be detected by the HS-SPME method.

Table 2
Precision and accuracy of HS-SPME method for saliva.

Analyte

ACE MEK IPA DMF NMF

Intra-assay precision (CV%)
QC1 2.90 3.02 4.41 1.44 5.10
QC2 4.72 1.17 4.82 4.94 4.72

Inter-assay precision (CV%)
QC1 7.75 4.75 8.12 6.82 8.22
0 V.-S. Wang, M.-Y. Lu / J. Ch

f salt, however, the pH value did not show a significant effect on
he extraction.

.8. Optimizing desorption temperatures and times

After analytes were extracted onto the fiber, it was immediately
ransferred to the GC injection port for desorption. The optimum
esorption temperature was evaluated to make sure that desorp-
ion temperature was high enough to efficiently desorb extracted
nalytes and prevent carryover between samples. Also, the tem-
erature should be low enough to avoid depletion of fiber coating.
arious temperatures from 220 to 250 ◦C were investigated and

he results showed that the highest area counts and lowest devia-
ion occurred for a desorption temperature of 250 ◦C. This coincides
ith the factory-recommended operating temperature of the fiber.

iber desorption at 250 ◦C was thus used for further study.
The desorption time will affect the desorption efficiency as well

s the potential for carryover and fiber coating depletion. Des-
rption times of 1, 2, 3, 5, 8, and 12 min were evaluated for each
nalyte at 250 ◦C. At a time period of 3 min, all the compounds
ere desorbed efficiently with best response and least deviation.
desorption time of 3 min was employed for the following study.

he desorption efficiency for each analyte was then evaluated at
temperature of 250 ◦C for 3 min, and the recoveries were 98.8%,
9.8%, 97.2%, 98.8%, and 95.3% for acetone, methyl ethyl ketone, iso-
ropyl alcohol, N,N-dimethyl formamide, and N-methyl formamide,
espectively.

.9. Evaluating partition coefficient

The partition coefficient for each component was measured
hrough the calibration curve established using the instrument
esponse versus mass for each component. The mass extracted onto
he fiber and in the aqueous sample matrix was measured con-
omitantly. The partition coefficients obtained in the present study
ere 90.9, 170.1, 36.4, 3.70, and 0.92 for ACE, MEK, IPA, DMF, and
MF, respectively. The variations in peak area on the chromatogram
ere large for any given individual analyte. The area counts of DMF

nd NMF significantly differed from those of ACE, MEK, and IPA.
s a consequence, order-of-magnitude differences were calculated

n the partition coefficients for the various analytes. This result
ight be due to the formation of hydrogen bonds of NHR groups

or DMF and NMF that in turn resulted in depressed vapor pres-
ure and lower partition coefficient. As a rule of thumb, analytes
ith a molecular mass below 200 g/mol and (or) without groups

orming hydrogen bonds, i.e., NRH groups, NH2 groups, and OH
roups, are most suitable for HS-SPME because they are likely to
ave a high-vapor pressure [12]. Our results revealed that parti-
ion coefficients decreased with increasing polarity of compounds.
n order to investigate whether the partition coefficient varied
etween high and low concentrations, different concentrations of
.5–95.0 �g/mL for DMF and NMF, and 7.8–78.5 �g/mL for ACE, IPA,
nd MEK were assessed. The results showed that the relative stan-
ard deviation of partition coefficient for all analytes was in the
ange of 2.1–15.0%. It could be confirmed that the extraction process
s reproducible under the present system, and the saliva samples
ould be quantitatively measured for multiple components. Our
esults were in agreement with Dugay et al. who studied atrazine

long and mixture of other eleven pesticides at ppm concentra-
ions; they concluded that the partition process was reproducible
nd the SPME extraction method was quantitative [28]. The amount
f analyte adsorbed onto the fiber material at equilibrium in HS-
PME is directly related to the concentration of the analyte in the
apor phase and thus in the aqueous sample matrix.

O

L

ig. 5. Chromatograms of saliva samples: A: blank; B: standards in blank saliva
atrix; C: real saliva sample. Peak identifications: 1, acetone; 2, methyl ethyl ketone;

, isopropyl alcohol; 4, N,N-dimethyl formamide; 5, N-methyl formamide.

.10. Validating established method

The chromatogram of the established SPME-GC–MS method is
hown in Fig. 5. The calibration curve of all target compounds in
aliva matrix under the optimized analytical conditions was con-
tructed. The linear regression coefficients (r) were greater than
.997 for all compounds. The limits of detection were 0.004, 0.003,
.006, 0.05, and 0.10 �g/mL for ACE, MEK, IPA, DMF, and NMF,
espectively. For quality control assessment of the method, both
ntra- and inter-day assays were performed at two different con-
entrations within the calibration ranges of analytes. The overall
verage precision (CV%) was in a range of 1.17–8.22%, and accuracy
recovery%) was in a range of 95.3–109.2% through the analysis of
uality control samples (Table 2).

The parallel method validation between HS-SPME and solvent
retreatment was evaluated for five target compounds in saliva
atrix. Three different concentrations within the calibration range

or each compound were statistically evaluated by paired-t test, and
hese resulted in no significant difference (p > 0.05) with correlation
oefficients, r, in the range of 0.995–0.999 for all five compounds. In
omparing the MDL between the two methods, the SPME method
QC2 6.55 3.89 5.20 7.11 4.15

verall recovery (%)
QC1 105.6 97.7 101.1 103.9 109.2
QC2 101.1 95.7 97.3 100.4 95.3

oD (�g/mL) 0.004 0.003 0.006 0.05 0.10
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Table 3
Results on real sample analyses.

Analyte Work shift Range (�g/mL) Median (�g/mL) Geometric meana (�g/mL) No. positive samples (%)

ACE
Pre- ND*–7.03 0.41 0.48 117 (98)
Post- ND*–7.97 0.54 0.51 117 (98)

MEK
Pre- ND*–11.16 0.21 0.33 99 (83)
Post- ND*–12.07 0.33 0.36 104 (87)

IPA
Pre- ND*–22.13 1.01 1.28 113 (95)
Post- ND*–28.17 1.31 1.51 116 (97)

DMF
Pre- ND*–24.70 0.77 2.03 80 (67)
Post- ND*–31.43 1.40 2.48 99 (83)

NMF
Pre- ND*–31.74 0.08 5.16 39 (33)
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Post- ND*–41.86 3.84

D*: result < limit of quantitation (LoQ).
a Sample amounts less than LoQ were not included.

he concentrating effect results from partitioning the analyte into
he fiber from the gas phase, and therefore the sensitivity can be
ubstantially increased [9].

Under normal operation in the present study, each fiber can be
sed more than 100 times without loss of precision or accuracy, as
easured by the analytical results on standards within the quality

ontrol criteria (accuracy >85%, CV <15%). Our result was compara-
le with previous reports by Dugay et al. who claimed that fibers
ould be re-used for analysis of drinking water, surface water, and
un-off from 27 to more than 100 times, depending on the sam-
le matrix [28]. Salt plugging of the sheath protecting the SPME
ber may become a problem when salt is added to enhance extrac-
ion efficiency. As a result, the fiber coating might be scratched
nd damaged. Procedures preventing the deposition of salt must
e incorporated during analysis, such as avoiding matrix splashing
uring sample agitation, and using proper solvent for fiber cleanup
fter each experiment. The method blank sample was checked for
cycle of 20 runs to ensure that carryover was not present.

Saliva sample storage stability was also investigated. The blank
aliva matrix spiked with standards at the highest and middle con-
entrations of the calibration range were evaluated to determine
he duration of sample stability. Samples were stored in a −70 ◦C
reezer for 28 days. Samples containing either high or low con-
entrations were studied in triplicate on days 1, 7, 14, 21, and 28.
he average recoveries relative to the first day samples were cal-
ulated, and it was found that the overall recoveries were greater
han 86.9%. Our results suggest that a storage period of 28 days or
ess is recommended for saliva samples.

Matrix effects on sampling efficiency were evaluated by ana-
yzing standards of the study compounds in reagent water and
aliva matrix individually. The instrument responses between the
wo methods for each compound were statistically compared by
aired-t test. The results showed that there was no significant dif-
erence for any of the five compounds (p > 0.1) when comparing
he two methods over the calibration range of the SPME method.
his indicated that there was no significant matrix effect on extrac-
ion efficiency and analytical measurement for the established

ethod.

.11. Performing real sample analyses

Organic solvents also have variable lipophilicity and volatility.

hese properties, coupled with small molecular size and lack of
harge, make inhalation the major route of solvent exposure and
rovide for ready absorption across the lung, gastrointestinal tract,
nd skin. Through external and internal respiration, the exchange
f respiratory gases between the air and the blood, and between

a
i
a
b
s

9.58 71 (60)

he blood and the body cells, occurs by diffusion [34]. By pass-
ng through the capillary wall, the basement membrane, and the

embrane of the glandular epithelial cells, compounds circulating
n blood can be discharged into the salivary duct. Passage of the
hemical through the lipophilic layer of the epithelial membrane is
he rate-determining step. It is implied that only compounds with
certain degree of lipophilicity can accomplish this passage. Sali-

ary chemical concentrations generally reflect the free fraction of
he chemical in blood [3]. In the present study, the observation of
MF and ACE in saliva, the metabolites of inhaled organic vapor of
MF and IPA, respectively, might be due to the same mechanism as

he appearance of drug in saliva.
The results of real sample analyses showed that the con-

entrations in saliva ranged from being non-detectable (ND)
o 7.97 �g/mL, ND to 12.07 �g/mL, ND to 28.17 �g/mL, ND to
1.43 �g/mL, and ND to 41.86 �g/mL, for ACE, MEK, IPA, DMF, and
MF, respectively. Samples identified as ND were below limits of
uantitation. The geometric mean of saliva samples was higher at
he end of workers’ shift than those at the beginning of the workers’
hift for all five compounds. Total number of positive samples for all
ompounds investigated in 119 valid samples in both pre-shift and
ost-shift were in the range of 39–117 (33–98%) (Table 3). Corre-

ations between concentrations in airborne and saliva samples for
ealth effect evaluation might be established and will be published
lsewhere.

. Conclusions

The SPME method is compatible with GC–MS by selecting an
ppropriate polarity and thickness of the fiber coating material and
aintaining a consistent extraction time and temperature parame-

ers. The method can provide reproducible and quantifiable results
or matrix matched sample systems over an appropriate concen-
ration range for measuring multiple components with different
olarities. The linearity can be extended over a wider range of con-
entration by setting suitable analytical parameters, the detection
imits are lower than those of the solvent pretreatment method
or all studied compounds, and SPME method can be applied to

easure small sample volumes. The precision and accuracy of the
ethod were similar to those obtained using traditional solvent

retreatment. The pre-incubation step for sample extraction can be
perated as a batch with a large number of samples, and the aver-

ge time for individual sample analysis should be acceptable. SPME
s based on the equilibrium between matrix and extracting phase,
nd that in turn makes the method more selective, less suscepti-
le to interferences, and suitable for analysis of complex biological
ample matrices, such as saliva. Quantitative measurement can be
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erformed by calibration on matrix-matched spiked standards and
hen using those parameters for multi-component unknown sam-
le extraction and analysis. The successfully established method

n this study for multiple compounds with different polarities in
saliva matrix could provide an alternative option to extend the

cope of biological monitoring.
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