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Objectives: To develop a highly sensitive analytical method for very low acrylamide (AA) ex-
posure and to conduct an occupational exposure assessment by the developed method.
Methods: Seventy-five air samples from four plants were collected and analyzed using an

isotope-dilution gas chromatography coupled with mass spectrometry (GC/MS).
Results: This isotope-dilution GC–MS method is sufficiently sensitive for assessing very low

AA level as 4.37 ng m23, which is 10- to 7500-fold lower than the current analytical method.
Field study showed that most airborne AAwas gaseous rather than particulate. The personal
exposure levels in workers ranged from 4.37 3 1023 mg m23 to 94.90 mg m23 with a mean of
12.08 mg m23. Fifty percent of personal 8-h time-weighted average (TWA) concentrations in
the AA production plant exceeded the threshold limit value of 30 mg m23 set by American
Conference of Governmental Industrial Hygienists.
Conclusions: The field study indicated that 8-h TWA concentrations in workers varied by

two orders of magnitude. The highly sensitive method can be used in future health risk assess-
ment of AA exposure, such as those in fast-food restaurants.

Keywords: acrylamide; exposure assessment; gas chromatography/mass spectrometry (GC–MS); isotope dilution;
occupational exposure

INTRODUCTION

Acrylamide (AA) is a high-production chemical
with several common industrial applications. Due
to its existence in tobacco smoke (Smith et al.,

2000) and food (Tareke et al., 2002), it may also rep-
resent a ubiquitous environmental pollutant of high
importance to environmental health.

The AA (CAS No.79-06-1) is odorless, white,
crystalline (molecular weight: 71.08), highly soluble
in polar solvents, and stable in solution. It is
produced by hydration of acrylonitrile and is used
to produce polyacrylamides (Smith and Oehme,
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1991), which are used for manufacturing numerous
products, including adhesives, mining chemicals, fi-
bers, pharmaceuticals, animal feed, paper sizing,
molded parts, textiles, and coagulant aids (NSC,
2006) as well as in biological laboratories for prepar-
ing polyacrylamide gels for electrophoresis (IARC,
1994). The estimated annual global production of
AA is 2 � 108 kg (Twaddle et al., 2004). The US Na-
tional Institute for Occupational Safety and Health
estimated that 20 000 workers may have been ex-
posed to AA in 1976 (IARC, 1986). The estimated
number of laboratory workers exposed to AA in the
preparation of electrophoresis gels is 100 000–200
000 (EPA, 1988). The AA is also produced by Mail-
lard reaction from the amino acid asparagine with
fructose or glucose upon heating at temperatures
.120�C (Mottram et al., 2002; Stadler et al., 2002).
One study reported that 0.15–7.2% of AA evaporates
from food products during heating (Eriksson et al.,
2007). Therefore, housewives and chefs were poten-
tially exposed to AA through inhalation. The AA is
neurotoxic in animals and humans (Smith and
Oehme, 1991) and causes carcinogenic, genotoxic,
and reproductive toxicity effects in experimental ani-
mals. It has been classified as a probable human car-
cinogen by International Agency for Research on
Cancer (IARC) (IARC, 1994). Numerous toxicology
studies have reported neurotoxic effects in humans
due to occupational exposure to AA (Calleman
et al., 1994; Hagmar et al., 2001; Kjuus et al.,
2004). In order to protect workers from adverse health
effects due to AA exposures, the American Confer-
ence of Governmental Industrial Hygienists (AC-
GIH) set its threshold limit value (TLV) at 30 lg
m�3 in workplaces (ACGIH, 2009).

The US Occupational Safety and Health Adminis-
tration (OSHA), however, has set the permissible ex-
posure limit at 300 lg m�3 (OSHA, 2003).

Exposure to AA has been a concern in the work-
places. Studies have assessed AA exposure in work-
ers involved in production, handling, maintenance,
and polymerization of AA (Calleman et al., 1994;
Bull et al., 2005; Jones et al., 2006) and laboratory
use of AA (Pantusa et al., 2002). One study reported
that laboratory workers who weigh and prepare AA
solution to synthesize polyacrylamide gels for electro-
phoresis receive AA exposures of 13 – 24 lg m�3 and
4 – 7 lg m�3, respectively (Pantusa et al., 2002). The
other three showed that production factory workers
were exposed to AA ranged from 4 to 282 lg m�3

(mean: 28 lg m�3) and 10 to 282 lg m�3 (mean:
30 lg m�3) in UK and 1070 – 880 lg m�3 in China
(Calleman et al., 1994; Bull et al., 2005; Jones
et al., 2006). One study showed that 0.15–7.2% of

the AA evaporated from food products during heating
ranged from 2 � 10�4 to 4.4 lg m�3 (Eriksson et al.,
2007). Due to the fact that even low levels of AA may
cause health effects and constitute a cancer risk of con-
cern (Granath et al., 2001), a highly sensitive analyti-
cal method is needed to improve the assessment of
very low AA exposures.

Occupational exposure to airborne AA can be ana-
lyzed by high performance liquid chromatography-
ultraviolet (HPLC-UV), gas chromatography-electron
capture detection (GC-ECD), and gas chromatography-
nitrogen phosphorus detection (GC-NPD). The limit
of detections (LODs) of airborne AA are between
4 and 5 lg m�3 by HPLC-UV method (Bull
et al., 2005; Jones et al., 2006), 30 lg m�3 by GC-
ECD method (Calleman et al., 1994), and 4 � 10�2

lg m�3 by GC-NPD method (Pantusa et al., 2002).
The LOD of these methods is relatively high. The
poor LOD for airborne AA hinders their quantitation
in air monitoring. To our knowledge, a highly sensitive
and specific analytical method for airborne AA has
not yet been described in the literature.

There are two purposes of the study. Firstly, to de-
velop a highly sensitive isotope-dilution gas chroma-
tography coupled with mass spectrometry (GC–MS)
method for very low AA exposure. Secondly, to con-
duct an occupational exposure assessment in AA
production and application plants using the devel-
oped method.

METHODS

Chemicals

AA and 13C3-labeled AA were purchased from
Sigma (St Louis, MO, USA) and Cambridge Iso-
topes (Cambridge, MA, USA), respectively. Metha-
nol (HPLC grade) was obtained from Sigma-
Aldrich (Mallinckrodt, Milwaukee, WI, USA). The
helium for the GC–MS, which was purchased from
Sanfu Co. (Hsin Chu, Taiwan), was 99.999% purity.
The sampling train consisted of a Swinnex cassette
(SKC, Inc., Eighty Four, PA, USA), a 13-mm glass
fiber filter (SKC 225-16), gasket (SKC 225-3201),
a standard silica gel tube (75/150) (SKC 226-10),
and a sampling pump (SKC, Inc., AirChek 2000).

Analytical methods

Instrumentation. Samples were analyzed using an
Agilent 6890 gas chromatograph connected with an
Agilent 7683 autosampler and a split/splitless injec-
tor operated in splitless mode. For mass spectromet-
ric detection of AA, an Agilent 5973 Series of mass
spectrometer was fitted with a quadrupole mass
filter and operated under electron impact mode.
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Chromatographic separation was performed using a
WAXTX-10-fused silica capillary column (30 m �
0.25 mm, 0.25 lm film thickness, Supelco). Helium
was used as a carrier gas, and the flow rate was set
at 1.0 ml min�1. Injector temperature was set at
225�C. Oven temperature was set at 100�C for
0.5 min, ramped from 100 to 190�C at 15�C min�1,
held for 9.5 min, and then increased from 190 to
240�C at 20�C min�1. Mass spectrometer tempera-
ture was 240�C. The mass spectrometer was oper-
ated in selected ion monitoring (SIM) mode by
monitoring m/z 71 for AA and m/z 74 for the internal
standard (IS).
Calibration curve, LOD, and limit of quantifica-

tion. The stock standard solution was prepared by dis-
solving 1 mg of AA in 1 ml methanol, and calibration
standards of 0.095–95.0 lg ml�1 were prepared from
the stock solution. Another stock solution of IS was
prepared by dissolving 1 mg of 13C3-labeled AA in
1 ml methanol (1 mg ml�1). The stock solution con-
taining IS was further diluted to prepare calibration
standards and then analyzed by GC–MS in SIM mode
by monitoring m/z 71 and 74 for AA and 13C3-labeled
AA, respectively. The LOD and limit of quantification
(LOQ) were determined using signal-to-noise (S:N)
ratios of 3 and 10, respectively.

After analysis of the standard solutions, a calibra-
tion curve was constructed by plotting the peak area
ratios (AA peak area:13C3-labeled AA peak area)
(Y) versus AA concentration (X). An excellent linear
relationship was obtained with Y 5 1.71X �0.13
(r5 0.9998). The LOD was calculated as 2.1 ng ml�1,
which corresponded to 4.37 � 10�3 lg m�3, and
LOQ was 6.9 ng ml�1 corresponding to 1.43 �
10�2 lg m�3.

Field study

Subject recruitment and plants description. Four
plants associated with AA production (A) and appli-
cation (B, C, and D) in Taiwan were selected for
analysis. The plants were located in the northern
and southern areas of the island. Forty-five male
workers directly exposed to AA in four plants volun-
tarily participated and gave informed consent. In
plant A, AA was produced from acrylonitrile in
aqueous solution by using a batch process in an out-
door facility; it was the only one AA production
plant that manufactured 30–48% AA solution.
Workers might have been exposed to high AA levels
at the sampling/testing site and at the final product
packing site when sampling/testing AA or when
packing 30–48% AA product solution into barrels.
The three application plants conducted the AA appli-
cation operations using batch processes in closed

buildings. Plant B manufactured the highest volume
(120 tonne month�1) of AA application products and
the others produced between 7.9 and 10.0 tonne
month�1. Plant B produced strengthened resins from
powder AA, and plants C and D produced synthetic
resins and styrene–butadiene rubber but used materi-
als derived from the 30–48% AA solution. The
prime sources of potential AA exposures in these
three plants were during sampling of AA residue in
the intermediate and final products. Workers in
plants B and C were also potentially exposed to
AA when pouring powder AA (plant B) or liquid
AA solution (plant C) into reaction tanks and when
packing final products into barrels. These sites were
selected for area sampling. Thirty sampling sites
were analyzed. Table 1 presents the descriptions of
the four plants.

A self-administered questionnaire was used to col-
lect data of the study subjects, such as age, weight,
height, gender, work history, use of personal protec-
tive equipment (PPE) such as disposable latex gloves
and dust masks, alcohol consumption, smoking sta-
tus, and medical history. The subjects were also asked
about skin symptoms and peripheral nervous system,
such as numbness or tingling in hands or legs. Per-
sonal samples were collected from the workers from
the start of a shift until the end of the shift.
Area and personal sampling. The AA sampling

was performed using the OSHA Analytical Method
21 (OSHA, 1985). The sampling train consisted of
a 13-mm glass fiber filter placed in a Swinnex cas-
sette followed by a standard (75/150) silica gel tube
and a personal sampling pump. Gas phase AA was
collected using silica gel tubes, and particulate phase
AA was collected using 13-mm glass fiber filters.
The airflow sampling rate was 1 l min�1, and the
maximum sampling volume was 480 l. Before sam-
pling, the flow rate was calibrated with a DryCal-
Lite primary flow meter (SKC, Inc.), and the actual
flow rate was recorded. Sampling duration varied
and depended on the duration of the tasks performed
by the subjects. Both area and personal samples were
collected. For area sampling, the sampling head was
placed at the breathing level of a typical adult (1.3–
1.5 m above the ground). Area samples were col-
lected for 1 or 3 consecutive days among these four
plants. For personal sampling, workers wore a per-
sonal sample collection system in their breathing
zone while they performed their duties throughout
the shift (�8 h) for 1 or 3 consecutive days. The sam-
pling pump was identical to that used for the area
samples and was strapped to the left side of the waist.
Workers wore the systems concurrently with area
sample and were allowed to move freely throughout
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the working area during their normal job duties. Af-
ter sampling, the ends of the silica gel tube were
sealed with plastic caps, and the glass fiber filters
were placed in vials. The samples were then chilled
and transported to the laboratory for analysis.

Sample analysis

For AA analysis in real samples, the front (150
mg) and back (75 mg) sections of the silica gel tubes
were placed in two separate teflon-capped vials.
Each vial containing the gasket/glass fiber filter or
the silica gel was then spiked with 50 ll of 13C3-la-
beled AA solution (10 lg ml�1), which served as the
IS. All vials were then immediately extracted with
1 ml methanol by agitation in a water bath at 30�C
for 2 h. The supernatant was used for analysis. One
microliter of the extractant was injected into the
GC–MS for analysis.

Quality assurance and quality control

The reproducibility of this method was assessed
by repeated analysis of five different concentrations
of AA standard solutions five times within 1 day; this
experiment was repeated on 7 different days. The
following amounts, 0.45, 1, 10, 50, and 80 lg of
AA and 0.5 lg of 13C3-labeled AA, were spiked onto
the silica gel tubes and onto the filters. All experi-
ments were performed in triplicate. The tubes were
allowed to stand overnight at 4�C and then the filters
were immediately extracted. The silica gel tubes and
filters were placed in separate extraction vials with
Teflon-lined caps and AA was extracted using 1 ml
of methanol by agitation in a water bath at 30�C
for 2 h. Recovery efficiency was measured by com-
paring the peak area observed by direct analysis of

the AA standard solutions by GC–MS with those in
recovered AA after methanol extraction of the same
standards spiked into the sampling tube and filter.

Statistical methods

One-way analysis of variation (ANOVA) was used
to test factory-to-factory variation in age, body mass
index [BMI, mass (kg) height (m)�2], working dura-
tion, lifestyle information, and PPE use. The Spjot-
voll/Stoline test [Tukey honestly significant
differences (HSD) for unequal N-test] was used for
post hoc comparisons. The Mann–Whitney and Stu-
dent’s t-tests were used to compare 8-h time-
weighted average (TWA) concentrations between
personal and area samples for each plant and the to-
tal samples. Statistical analyses utilized the Statisti-
cal Package for the Social Sciences (SPSS) version
11.0, (SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSIONS

Method performance

The LOD of our GC–MS method was 2.1 ng ml�1,
which corresponds to 4.37 � 10�3 lg m�3 based on
an air volume of 480 l. Compared to the LODs of the
HPLC-UV, GC-ECD, or GC-NPD methods [be-
tween 4 and 5 lg m�3 (Bull et al., 2005; Jones
et al., 2006), 30 lg m�3 (Calleman et al., 1994),
and 4 � 10�2 lg m�3 (Pantusa et al., 2002), respec-
tively], the proposed isotope-dilution GC–MS
method provides superior sensitivity. The reproduc-
ibility of this method was expressed by intra-day
and inter-day relative standard deviations (RSD).
The intra-day RSD was 2.0–5.9% and the inter-day

Table 1. Descriptions of the AA production and application plants

Plant Process Process review Prime source of potential
exposure

A AA production Batch processes to produce
AA in aqueous solution,
which is piped to storage

In-process sampling/testing
of AA. In-process packing of
AA product solution into
barrels.

B AA products—strengthened
resins

The highest volume batch
processes using powder AA to
form liquid products
transferred to storage and
tanks

In-process sampling of
residual AA liquid products.
In-process pouring of powder
AA.

C AA products—synthetic
resins

Batch processes using 30–
48% AA solution to form
liquid products transferred to
storage

In-process sampling of
residual AA liquid products.
In-process pouring of liquid
AA solution. In-process
packing of AA products.

D AA products—styrene–
butadiene rubbers

Batch processes using 30–
48% AA solution to form
liquid products transferred to
storage and tanks

In-process sampling of
residual AA liquid products.
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RSD was 1.6–8.0% (Table 2). The average recovery
for AA ranged from 78.6 to 99.1% and from 87.6 to
98.6% in the glass fiber filter and the silica gel tube,
respectively (Table 3). A major advantage of this
method is that loss of analyte during sample prepara-
tion can be compensated by adding stable isotopic
13C3-labeled AA to serve as an IS, thus making this
the best form of internal standardization (Webb and
Carter, 1997). This isotope-dilution mass spectrome-
try can improve accuracy of quantification.

Field study of airborne AA concentrations

Figure 1 shows the typical GC–MS chromato-
grams generated for an air sample in a silica tube
and a filter.

In the forty-five male workers recruited for this
study, average age was 40.4 years old, average
BMI was 23.6 kg m�2, and average working period
was 13.6 years (Table 4). Half (50%) of them
smoked, 29.6% drank alcohol, and 82.5% of them
wore PPEs, such as disposable latex gloves and dust
masks. The factory-to-factory variation in age and
working duration were statistically significant (P ,

0.05 by one-way ANOVA). The post hoc compari-
sons by Tukey HSD indicated that the workers in
plant A were significantly older than those in plants
B and D and had more years of working experience
than those in plant B. Area and personal sampling

were performed in the four plants. Forty-five per-
sonal samples and 30 area samples were successfully
collected and analyzed.

For each sample, the AA was separately analyzed
in a silica tube and filter using isotope-dilution GC–
MS method. The AA concentrations in area and per-
sonal samples were equal to the summation of AA
content in the silica gel and the filter. Sample analy-
sis showed that 100% AA was detected in the silica
gel tubes from plants A, B, and C but not in those
from plant D (60.7%); however, 100% AA was de-
tected in filters from plant B. A possible explanation
is that the plants used different forms of AA raw ma-
terials. That is, powder was used in plant B and liq-
uid AA solution was used in the other plants. In total,
AA was detected in 48.9% (22 of 45) of the silica gel
tubes and in 20% of the filter samples for personal
samples; it was detected in 100% of silica gel tubes
and in 30% of filter samples for area samples (data
not shown). These data show that airborne AA ex-
isted in gaseous form rather than particulate form.
Overall, the 8-h TWA of AA concentration ranged
from 4.37� 10�3(LOD) to 94.90lg m�3 with a mean
(standard deviation, SD) of 12.08 (20.78) lg m�3 for
personal samples and 0.23 to 17.40 lg m�3 with
a mean (SD) of 24.31 (42.69)lg m�3 for area samples
(Table 5). There was significant difference between
the mean 8-h TWA concentration for total personal
and area samples (P , 0.05).

It is convenient to compare the results with the
ACGIH TLV, but this comparison must be rough, be-
cause the TLV is defined in terms of the inhalable
fraction, and the Swinnex sampler recommended in
the OSHA method that we used probably does not
collect the inhalable fraction. In plant A, the mean
(SD) 8-h TWA concentrations for the workers were
33.82 (28.50) lg m�3 in the range of 0.98–94.90
lg m�3 and were 55.62 (55.79) lg m�3 in the range
of 9.06–217.40 lg m�3 for area samples, which ex-
ceeded the TLV of 30 lg m�3 set by ACGIH. There
was no significant difference between the mean 8-h
TWA concentration for personal and area samples.
Fifty percent (5 of 10) of the personal 8-h TWA lev-
els exceeded the TLV, and these individuals had been
engaged in sampling/testing AA solution at the reac-
tion tank, the crude product tank, the refined product
tank as well as packing 30–48% AA product solution
into barrels. Notably, one worker who had packed
30–48% AA product solution into barrels had a max-
imum exposure concentration of 94.40 lg m�3. The
high exposure in this case was likely caused by
working close to the emitted source when packing
AA product solution. Although 80% of the workers
had used PPEs, two workers had not routinely worn

Table 3. Recovery of AA in glass fiber filters and in silica gel
tubes

AA in glass
fiber filter
(lg ml�1)

Recovery (%) AA in silica
gel tube
(lg ml�1)

Recovery (%)

0.45 99.1 0.45 98.2

1 78.6 1 87.6

10 91.2 10 97.9

50 94.3 50 94.6

80 93.4 80 98.6

Sample size 5 3.

Table 2. Intra- and inter-day precision obtained by repeated
measurements of AA standard

AA concentration
(lg ml�1)

RSD (%)

Intra-day
(n 5 5)

Inter-day
(n 5 7)

0.095 4.51 2.63

0.190 4.42 2.58

0.450 2.47 1.47

0.950 2.03 1.60
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masks or latex gloves while packing AA product so-
lution. However, as the fact that the neurotoxic ef-
fects of AA are cumulative, and since it is a

probable human carcinogen, exposures should be
as low as reasonably achievable. The exposure con-
trols such as reducing exposure frequency/duration

Fig. 1. Typical GC–MS chromatograms generated from a real sample after methanol extraction. The upper chromatogram (A) was
obtained from an analysis of the AA in a silica gel tube and the lower chromatogram (B) obtained from an analysis of the AA in

a glass fiber filter after an 8-h sampling.
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during sampling/testing AA solution and packing
AA product solution as well as setting up local ex-
haust ventilation during packing AA product solu-
tion can significantly decrease exposures. The use
of respirators or disposable latex gloves will also re-
duce personal exposures during operation.

Additionally, 72.7% (8 of 11) area samples ex-
ceeded the 8-h TWA TLV; these locations were at
the reaction tank, the crude product tank, the refined
product tank as well as the site of AA product solu-
tion packing. The maximum exposure concentration
(217.40 lg m�3) was monitored at the reaction tank.
The likely explanation is that maximum AA produc-
tion was at the work site, and the vapor phase of AA
was emitted predominantly from the reaction tanks.
The airborne AA in plant A was greater than that
in the other three plants.

The average 8-h TWA concentrations in workers
in plants B, C, and D were 6.35 lg m�3 (range:
4.11–8.81 lg m�3), 5.14 lg m�3 (range: 2.13–8.12
lg m�3), and 0.11 lg m�3 (range: 4.37 � 10�3 lg
m�3 (LOD)–0.28 lg m�3), respectively, and those
in area samples from plants B, C, and D were 6.49
lg m�3 (range: 4.03–9.69 lg m�3), 6.67 lg m�3

(range: 2.54–14.17 lg m�3), and 0.32 lg m�3

(range: 0.23–0.46 lg m�3), respectively. Significant
difference in the mean 8-h TWA concentration for
personal and area samples in plant D was found (P
, 0.05). Both plants B and C had the same levels
of airborne AA concentrations, and plant D pre-
sented the lowest AA concentrations, probably be-
cause plants B and C had enclosure of operation
and both had automatic production. Furthermore,

Table 5. Comparisons on 8-h TWA concentrations of AA
among four plants (lg m�3)

Plant Sample
type

n Meana SD Range

A Personal 10 33.82 28.50 0.98–94.90

Area 11 55.62 55.79 9.06–217.40

B Personal 8 6.35 1.64 4.11–8.81

Area 8 6.49 2.39 4.03–9.69

C Personal 4 5.14 2.69 2.13–8.12

Area 6 6.67 4.34 2.54–14.17

D Personal 23 0.11* 0.06 NDb–0.28

Area 5 0.32 0.10 0.23–0.46

Total Personal 45 12.08* 20.78 NDb–94.90

Area 30 24.31 42.69 0.23–17.40

aTLV–TWA set by ACGIH and permissible exposure limit in
Taiwan: 30 lg m�3.
bND: Not detected (below 4.37 � 10�3 lg m�3).
*P , 0.05 comparing personal samples to area samples.
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most of workers in plant D were stationed 100 m
away from the production area.

The health hazard of occupational exposure to AA
included skin irritation, neurotoxic effects, and in-
creased cancer risk (Calleman et al., 1994; Granath
et al., 2001; Hagmar et al., 2001; Kjuus et al.,
2004). Although 11% of the workers had skin irrita-
tions, none had peripheral nervous symptoms, such
as numbness or tingling in hands or legs. Since even
low AA levels may cause health effects and to pro-
tect workers from adverse health effects, the air-
borne AA concentrations in plant A should be
decreased to TLV 30 lg m�3.

Several studies have assessed AA exposure in
workers involved in production, handling, mainte-
nance, and polymerization of AA (Calleman
et al., 1994; Bull et al., 2005; Jones et al., 2006)
as well as laboratory use of AA (Pantusa et al.,
2002). Compared to studies performed elsewhere,
the AA exposures observed in this study were rela-
tively low, probably because of strict government
regulations. The occupational exposure limits are
300 lg m�3 in the UK and China but only 30 lg
m�3 in Taiwan. The low concentrations of AA in
the workplace demonstrate the need of analytical
methods with high sensitivity and specificity, and
our isotope-dilution GC–MS method successfully
meets the requirement.

CONCLUSIONS

Although AA is an important industrial chemical,
it is also present in tobacco smoke and food and is
classified by the IARC as a probable human carcin-
ogen. Thus, AA-exposed workers, smokers, house-
wives, chefs, and consumers of certain foods are at
risk of AA exposure. According to the analysis of
personal samples collected in the workplace, the
8-h TWA concentrations in workers ranged from
4.37 � 10�3 (LOD) to 94.90 lg m�3 with a mean
of 12.08 lg m�3. The field study indicate that the re-
quirement of measuring airborne AA below the mag-
nitude of nanograms per cubic meter level cannot be
achieved by current analytical method, such as
HPLC-UV, GC-ECD, GC-NPD, or even GC-MS.
This study demonstrated that the isotope-dilution
GC–MS method offers several advantages, including
simple preparation, excellent accuracy, and specific-
ity. Therefore, accurately measured AA exposures
for workers was as low as 0.11 lg m�3, which is par-
ticularly important when assessing very low AA lev-
els in general workplaces and fast-food restaurants.
These data are critical for future occupational epide-

miology studies of the potential health effects of AA
exposure.

FUNDING

National Health Research Institute of the Republic
of China, Taiwan (Contract No. EO-095-PP-02); Na-
tional Science Council of the Republic of China, Tai-
wan (Contract No. NSC 95-2314-B-400-004-MY3);
Institute of Occupational Safety and Health of the Re-
public of China, Taiwan (Contract No. IOSH95-A319).

REFERENCES

ACGIH. (2009) 2009 threshold limit values and biological ex-
posure indices. Cincinnati, OH: American Conference of
Governmental Industrial Hygienists.

Bull PJ, Brooke RK, Cocker J et al. (2005) An occupational
hygiene investigation of exposure to acrylamide and the role
for urinary S-carboxyethyl-cysteine (CEC) as a biological
marker. Ann Occup Hyg; 49: 683–90.

Calleman CJ, Wu Y, He F et al. (1994) Relationships between
biomarkers of exposure and neurological effects in a group
of workers exposed to acrylamide. Toxicol Appl Pharmacol;
126: 361–71.

Eriksson S, Karlsson P, Törnqvist M. (2007) Measurement of
evaporated acrylamide during heat treatment of food and
other biological materials. LWT-Food Sci Technol; 40:
706–12.

Granath F, Ehrenberg L, Paulsson B et al. (2001) Cancer risk
from exposure to occupational acrylamide. Occup Environ
Med; 58: 608–9.

Hagmar L, Törnqvist M, Nordander C et al. (2001) Health ef-
fects of occupational exposure to acrylamide using haemo-
globin adducts as biomarkers of internal dose. Scand J
Work Environ Health; 27: 219–26.

IARC. (1986) IARC monographs on the evaluation of carcino-
genic risks to humans: some chemicals used in plastics and
elastomers. Lyon, France; 39: 41–66.

IARC. (1994) IARC monographs on the evaluation of carcino-
genic risks to humans: Some industrial chemicals. Lyon,
France; 60: 389–433.

Jones K, Garfitt S, Emms Vet al. (2006) Correlation of haemo-
globin-acrylamide adducts with airborne exposure: an occu-
pational survey. Toxicol Lett; 162: 174–80.

Kjuus H, Goffeng LO, Heier MS et al. (2004) Effects on the
peripheral nervous system of tunnel workers exposed to ac-
rylamide and N-methylolacrylamide. Scand J Work Environ
Health; 30: 21–9.

OSHA. (1985) In OSHA analytical methods 21 manual. Salt
Lake City, Utah: Analytical Laboratory.

OSHA. (2003) Sampling and analytical methods: Acrylamide,
PV2004. Available at http://www.osha.gov/dts/sltc/methods
/partial/pv2004/2004.html. Accessed 22 June 2009.

Mottram DS, Wedzicha BL, Dodson AT. (2002) Acrylamide is
formed in the Maillard reaction. Nature; 419: 448–9.

Pantusa VP, Stock TH, Morandi MT et al. (2002) Inhalation
exposures to acrylamide in biomedical laboratories. Am
Ind Hyg Assoc; 63: 468–73.

Smith EA, Oehme FW. (1991) Acrylamide and polyacryl-
amide: a review of production, use, environmental fate
and neurotoxicity. Rev Environ Health; 9: 215–28.

582 K.-Y. Wu et al.

 at C
hung S

han M
edical U

niversity H
ospital on D

ecem
ber 8, 2010

annhyg.oxfordjournals.org
D

ow
nloaded from

 

http://www.osha.gov/dts/sltc/methods/partial/pv2004/2004.html
http://www.osha.gov/dts/sltc/methods/partial/pv2004/2004.html
http://annhyg.oxfordjournals.org/


Smith CJ, Perfetti TA, Rumple MA et al. (2000) ‘‘IARC group
2A Carcinogens’’ reported in cigarette mainstream smoke.
Food Chem Toxicol; 38: 371–83.

Stadler RH, Blank I, Varga N et al. (2002) Acrylamide from
Maillard reaction products. Nature; 419: 449–50.

Tareke E, Rydberg P, Karlsson P et al. (2002) Analysis of ac-
rylamide, a carcinogen formed in heated foodstuffs. J Agric
Food Chem; 50: 4998–5006.

Twaddle NC, McDaniel LP, da Costa GG et al. (2004) Determi-
nation of acrylamide and glycidamide serum toxicokinetics in
B6C3F1 mice using LC-ES/MS/MS. Cancer Lett; 207: 9–17.

EPA. (1988) Preliminary assessment of health risks from expo-
sure to acrylamide. Office of toxic substances. Washington,
DC: US Environment Protection Agency.

NSC. (2006) Chemical backgrounders index: acrylamide.
Available at http://www.environmentwriter.org/resources/
backissues/chemicals/acrylamide.htm Accessed 22 June
2009.

Webb KS, Carter D. (1997) The role of isotope dilution mass
spectrometry in the development of tandem mass spectrom-
etry for quantitative organic analysis. Rapid Commun Mass
Spectrom; 11: 155–8.

Exposure assessment of airborne acrylamide for occupationally exposed workers 583

 at C
hung S

han M
edical U

niversity H
ospital on D

ecem
ber 8, 2010

annhyg.oxfordjournals.org
D

ow
nloaded from

 

http://www.environmentwriter.org/resources/backissues/chemicals/acrylamide.htm
http://www.environmentwriter.org/resources/backissues/chemicals/acrylamide.htm
http://annhyg.oxfordjournals.org/

