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Abstract: Development of an Analytical Method for
the Determination of Arsenic in Urine by Gas Chro-
matography-mass Spectrometry for Biological
Monitoring of Exposure to Inorganic Arsenic: Akito
TakeucHl, et al. Osaka Occupational Health Service
Center, Japan Industrial Safety and Health Associa-
tion—Objectives: The purpose of this study was to
develop an analytical method for the simultaneous
determination of inorganic arsenic [As(lll) and As(V)]
and monomethylarsonic acid (MMA) in urine by gas
chromatography-mass spectrometry (GC-MS) for the
biological monitoring of exposure to inorganic arsenic.
Methods: Arsenic compounds (after reduction of arse-
nic to the trivalent state) were derivatized with 2,3-
dimercapto-1-propanol and then analyzed using a
GC-MS. The proposed method was validated according
to the US Food and Drug Administration guidelines. The
accuracy of the proposed method was confirmed by
analyzing Standard Reference Material (SRM) 2669
(National Institute of Standards and Technology).
Results: Calibration curves showed linearity in the
range 1-100 pg/l for each of the arsenic species, with
correlation coefficients of >0.999. For each of the arse-
nic species, the limits of detection and quantification
were 0.2 pg/l and 1 pg/l, respectively. The recoveries
were 96-100%, 99-102% and 99-112% for As(lll),
As(V) and MMA, respectively. Intraday accuracy and
precision were 82.7-99.8% and 0.9-7.4%, respectively.
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Interday accuracy and precision were 81.3—-100.0% and
0.8-9.9%, respectively. The analytical values of SRM
2669 obtained by the proposed method were sufficiently
accurate. Conclusions: The proposed method over-
came the disadvantages of high-performance liquid
chromatography with inductively coupled plasma mass
spectrometry. It was a robust, selective and cost-effec-
tive method suitable for routine analyses and could be
useful for the biological monitoring of occupational
exposure to inorganic arsenic.

(J Occup Health 2012; 54: 434—440)

Key words: 2,3-Dimercapto-1-propanol, Arsenate,
Arsenite, Gas chromatography-mass specirometry,
Monomethylarsonic acid, Urine

Arsenic is widely distributed in the environment.
Pollution due to arsenic worldwide has become a seri-
ous problem and has caused various adverse effects on
human health?. Significant occupational exposure to
arsenic exists in several industries, such as non-ferrous
smelting, electronics and wood preservation?. Such
exposure is mainly in the form of inorganic arse-
nic (iAs), including arsenite [As(III)] and arsenate
[As(V)]>?. Arsenic and inorganic arsenic compounds
have been classified as Group 1 (carcinogenic to
humans) compounds by the International Agency
for Research on Cancer (IARC) because they cause
cancers of the skin, bladder and lungs, and there is
limited evidence that they may also cause cancers of
the kidney, liver and prostate®.

iAs is methylated to monomethylarsonic acid (MMA)
and dimethylarsinic acid (DMA) in the human
body'. The American Conference of Governmental
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and Industrial Hygienists (ACGIH)? and the Deutsche
Forschungsgemeinschaft (DFG)¥ recommend the
sum of iAs, MMA and DMA concentrations as the
biological exposure value for iAs exposure. However,
large amounts of DMA and arsenobetaine (AsBe) and
small amounts of MMA and iAs have been observed
in the urine of Japanese individuals who habitually
ingest seafood without occupational exposure to iAs
because seafood (including seaweeds) contains high
levels of organoarsenic compounds, such as DMA,
AsBe, arsenosugars and arsenocholine®. Recently,
Hata er al. reported that the sum of iAs and MMA
concentrations in urine was more suitable than that of
iAs, MMA and DMA concentrations in urine for the
biological monitoring of occupational iAs exposure
of workers who habitually consume seafood”. The
Ministry of Health, Labour and Welfare of Japan also
defined the sum of iAs and MMA concentrations in
urine as the iAs exposure indicator®. Therefore, a
rapid and simple analysis for only iAs and MMA is
more effective than speciation analysis for the biologi-
cal monitoring of occupational exposure to iAs.

Currently, high-performance liquid chromatogra-
phy with inductively coupled plasma mass spectrom-
etry (HPLC-ICP-MS) is the mainstay of speciation
analyses of arsenic in biological samples because of
its sensitivity and effectiveness>”. However, it is a
remarkably expensive and complicated system, and
hence it is not commonly used in many laboratories.
Moreover, its operation requires skilled techniques and
high running costs.

The aim of the present study was to develop and
validate a gas chromatography-mass spectrometry
(GC-MS) method for the simultaneous determination
of iAs and MMA in urine. To obtain the sensitiv-
ity required for biological monitoring, we modi-
fied the previous GC-flame photometric detection
method using 2,3-dimercapto-1-propanol (also known
as British Anti-Lewisite: BAL) as the derivatizing
reagent®. We used GC-MS equipped with a capillary
column, because it has a high capability of separation,
high sensitivity and high efficiency for confirmatory
identification of compounds. Another required modi-
fication was optimization of the procedure for sample
preparation, including optimization of reaction condi-
tions, scale-down of the sample volume and change
of extraction solvent. The proposed method overcame
the disadvantages of HPLC-ICP-MS. It was a robust,
selective and cost-effective method suitable for routine
analyses.

Materials and Methods

Materials
Sodium metaarsenite was purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). Disodium hydro-

genarsenate heptahydrate and BAL were obtained from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Methylarsonic acid/water solution (1,050 zg/ml)
was procured from Tri Chemical Laboratories Inc.
(Yamanashi, Japan). Hydrochloric acid (HCI), tin (I)
chloride dihydrate (SnCl,.2H,0), potassium iodide
(KI), dichloromethane (DCM) and hexadecane (C16)
were of analytical grade or better (for atomic adsorp-
tion spectrometry or for analysis of poisonous metal).
Water was purified with an Elix 5 system (Millipore,
Bedford, MA, USA). Standard Reference Material
(SRM) 2669 (arsenic species in frozen humam
urine) was purchased from the National Institute of
Standards and Technology (NIST, Gaithersburg, MD,
USA).

SnCl, solution was prepared by dissolving
SnCl,.2H,0 in HCl (50 mg/ml). KI solution [20%
(w/w)] and BAL solution [0.2% (v/v)] were prepared
by dissolving KI and BAL, respectively, in water.
The extraction solution was DCM containing C16
(10 ug/ml) as an internal standard (IS). Standard
stock solutions of As(III), As(V) and MMA were
prepared in water (100 mg/l as As) and stored in PFA
bottles at 4°C.

Urine samples were collected from healthy adult
volunteers. These volunteers were not occupationally
exposed to arsenic and were under dietary restric-
tion of seafood. Informed consent had been obtained
from the volunteers before collection of urine. This
study was approved by the Ethics Committees of the
Graduate School of Medicine, Osaka City University
(approval number 2367).

Instruments

The GC-MS system used was a 7890A gas chro-
matograph equipped with a 5975C inert XL mass
spectrometer (Agilent Technologies, Palo Alto, CA,
USA). The column was a 30m x 0.25 mm ID
InertCap SMS/NP capillary column with a 0.25-um
film thickness (GL Sciences Inc., Tokyo, Japan).
Helium was used as the carrier gas at a flow rate of
1.0 ml//min. The temperatures of the injection port
and the transfer line were set at 250 and 280°C,
respectively. The oven temperature was set at 70°C
for 1 minute and then increased to 280°C at a rate of
10°C/min. Samples (2 ul) were injected in the pulsed
splitless mode (pulse pressure, 25 psi; pulse time, 1
mimute; purge activation time, 0.9 minutes). The mass
spectrometer was operated in the electron impact (EI)
mode at an electron energy of 70 eV. The ion source
and quadrupole analyzer were maintained at 230 and
150°C, respectively. Data were obtained in the select-
ed ion monitoring (SIM)/scan mode. The ions select-
ed for SIM were m/z 197 and 212 for BAL-MMA,
m/z 226 and 183 for C16 and m/z 212 and 165 for
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Fig. 1. Effects of the (A) reduction reaction time and (B) derivatization reaction time on the production of the derivatives of
inorganic arsenic (BAL-iAs) and monomethylarsonic acid (BAL-MMA).

BAL-iAs, in which the former was selected as the
quantifier ion and the latter as the qualifier ion. To
confirm the mass fragmentation of the derivatives,
data were obtained in scan mode with a scan range
from m/z 40 to 250.

Sample preparation

Urine (2 ml) was placed in a glass test tube. SnCl,
(0.4 m/) and KI (0.2 m/) solutions were added to the
tube, which was vortex-mixed (10 seconds) and then
allowed to stand for 30 minutes at room temperature.
BAL solution (0.2 ml/) was added to the tube, which
was vortex-mixed (10 seconds) and then allowed to
stand for 30 minutes at room temperature. Extraction
solution (0.5 m/) was added to the tube and shaken
gently for 1 minute to avoid emulsion formation. The
mixture was centrifuged at 3,000 rpm for 10 minutes,
and a 2-ul aliquot of the extraction solution layer was
injected into the GC-MS system.

Method validation

Method validation was conducted according to the
US Food and Drug Administration (FDA) guidelines”.
To plot calibration curves, urine samples spiked with
As(IIl) or As(V) and MMA at six concentrations
(matrix-matched standard) ranging from 1 to 100 g/l
were prepared in triplicate, and the prepared samples
were analyzed using the procedure for sample prepa-
ration described above. Calibration curves were
obtained by plotting the peak area ratio of BAL
derivatives of As(III), As(V) or MMA to IS against
their respective concentrations. The reproducibility,
which was defined as precision, of the developed
method was evaluated by analyzing urine samples
containing three concentrations (1, 25 and 100 ug/l)
of As(IIl) or As(V) and MMA on the same day (five
replicates; intraday reproducibility) and over three

consecutive days (five replicates; interday reproduc-
ibility). Recovery was determined by comparing the
responses of the BAL derivative of As(IIl), As(V) or
MMA in spiked urine samples with those of water
standards subjected to the same procedure. The limit
of detection (LOD) and limit of quantification (LOQ)
were defined as the amounts of As(IIl), As(V) or
MMA in urine that corresponded to 3 and 10 times
the baseline noise, respectively. Finally, the accu-
racy of the proposed method was confirmed using
SRM 2669. The obtained results and certified values
were compared according to application note 1 of the
Institute for Reference Materials and Measurements
(IRMM)!%,

Results

Optimization of reaction conditions

To determine the optimal reaction conditions, we
examined the influences of the reduction reaction
time and the derivatization reaction time using urine
samples spiked with 100 g/l each of As(V) and
MMA. When the reduction reaction time ranged
from O to 60 minutes with a derivatization reac-
tion time of 30 minutes, the reduction reaction was
complete within a short time, and the BAL-As/IS and
BAL-MMA/IS peak area ratios remained at a plateau
until 60 minutes [Fig. 1(A)]. When the derivatiza-
tion reaction time ranged from 0 to 60 minutes with a
reduction reaction time of 30 minutes, the BAL-iAs/IS
and BAL-MMA/IS peak area ratios attained maximum
area ratios after 30 minutes and remained constant for
60 minutes [Fig. 1(B)].

Validation

Calibration curves showed linearity in the range
1-100 ug/l for each of the arsenic species, with corre-
lation coefficients of >0.999. For each of the arsenic
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Table 1. Range of linearity and correlation coefficient of the proposed method
on limi ear Linearity
Detection limit Range of linearity Correlation coefficient
(ug/h (ug/h Slope Intercept
As(1IT) 0.2 1-100 0.0149 0.003 1.000
As(V) 0.2 1-100 0.0146 0.004 1.000
MMA 0.2 1-100 0.0122 -0.005 0.999
As(II): arsenite. As(V): arsenate. MMA: monomethylarsonic acid.
Table 2. Intra- and interday coefficients of variation of the proposed method
Spiked urine Recovery (n=15) Intraday (n = 5) Interday (n = 15)
Zj;fg“mt’on Mean+SD RSD (%)  Mean+SD RSD (%) Accuracy Mean=SD RSD (%) Accuracy
(%) (uglh (%) (ug/h (%)
As(1I)
1 100 +7.4 74 0.90 + 0.07 74 90.3 0.90 = 0.04 4.8 89.5
25 9709 0.9 24.14£0.23 0.9 96.5 24.28 +0.20 0.8 97.1
100 9% +£1.9 2.0 99.79 +£2.03 2.0 99.8 99.95 +1.53 15 100.0
As(V)
1 102 +5.7 5.6 0.91 +0.05 5.6 91.1 0.91 = 0.09 9.9 90.9
25 9+12 12 2421 +0.30 1.2 96.8 24.33+0.34 14 97.3
100 99 + 3.1 3.1 99.66 * 3.09 3.1 99.7 99.97 +2.18 22 100.0
MMA
1 107x6.9 6.4 0.83 = 0.05 6.4 82.7 0.81 £ 0.05 6.2 81.3
25 99x1.1 1.1 23.17+£0.25 1.1 92.7 23.47 +0.56 2.4 93.9
100 112+3.0 2.7 99.36 £2.71 2.7 99.4 99.78 +2.80 2.8 99.8

As(III): arsenite. As(V): arsenate. MMA : monomethylarsonic acid. RSD: relative standard deviation.

Table 3. Results for arsenic species in NIST SRM 2669

(Levels I and II)

Species Level Level II

This e This e e

method® Certified method® Certified

As(I1I) — 1.47 £ 0.10 — 5.03+0.31
As(V) — 2.41+0.30 — 6.16 £0.95
iAs 3.9x0.0 — 114 £0.1 —
MMA 24x04 1.87x0.39 6904 7.18x056

# Concentrations in u#g/l as As. ® Values are expressed as the
mean = SD (n=3). ¢ Values are expressed as the certified value
+ the expanded uncertainty (95% confidence interval). As(IID):
arsenite. As(V): arsenate. MMA: monomethylarsonic acid. 1As:
inorganic arsenic. NIST: National Institute of Standards and
Technology. SRM: Standard Reference Material.

species, LOD and LOQ were 0.2 g/l and 1 ug/l,
respectively (Table 1). The recoveries were 96~100%,
99-102% and 99-112% for As(IIl), As(V) and MMA,
respectively. Intraday accuracy, expressed as the
deviation from the nominal value, was 82.7-99.8%,
and intraday precision, expressed as the relative stan-
dard deviation (RSD), was 0.9~7.4%. Interday accu-
racy and precision were 81.3-100.0% and 0.8-9.9%,
respectively (Table 2). The analytical values of SRM
2669 obtained by the proposed method are shown in
Table 3.

Discussion

Our goal in the present study was to develop
and validate a GC-MS method for the simultaneous
determination of iAs and MMA in urine. Several
GC methods have been reported for the determina-
tion of iAs, MMA or DMA® -2 In these methods,
derivatizations using various thiols, such as BAL% 'Y,
thioglycol methylate (TGM)'*'7 and 1,3-propanedithiol
(PDT)!#-20 were used to enable GC analyses because
these arsenic species are essentially non-volatile. For
the choice of an optimal derivatizing reagent, we
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Fig. 2. Reaction scheme of inorganic arsenic and mono-
methylarsonic acid with 2,3-dimercapto-1-propanol as
reported by Fukui et al.®

initially examined the use of TGM, but this choice
was unsuccessful for iAs. Claussen et al. suggested
that an incomplete reaction of iAs with TGM or
decomposition of the derivative after injection into
the GC system could be the possible reasons for this
failure', Szostek er al. also reported decomposition
of the derivative in the GC injector'®. We next inves-
tigated the use of PDT but did not observe any signal
for iAs. In contrast to these derivatizing reagents,
BAL showed the best results for iAs and MMA in the
derivatization reaction and chromatographic separa-
tion. Therefore, we adopted BAL as the derivatizing
reagent.

The reaction scheme of iAs and MMA with BAL
reported by Fukui er al. is presented in Fig. 2. BAL
selectively reacts only with arsenic compounds in
the trivalent state to give organic solvent-extractable
volatile complexes. Therefore, As(V) and MMA in
their pentavalent state must be reduced to a trivalent
state before derivatization. As(III) and As(V) form
the same derivative upon reaction with BAL and are
determined as the sum of those derivatives. Typical
mass chromatograms of blank urine, standard spiked
urine and SRM 2669 level II, as well as the mass
spectra of BAL-iAs and BAL-MMA, are shown in
Fig.3. The common major fragment ion in both
spectra corresponds to [AsS]* at m/z 107. In the
mass spectrum of BAL-MMA, the molecular ion [M}*
of the structure reported by Fukui er al. was observed
at m/z 2129, and the base peak was observed at m/z
197, corresponding to the fragment ion of a demethyl
derivative ([M-CH,]*). Other major fragment ions
were at m/z 179 [C,H,S,As]* and 165 [C[H.S As]*
Although the mass spectrum of BAL-MMA agreed
with the data of Fukui er al. and the peak of
BAL-MMA was assigned on the chromatogram, the
peak of BAL-iAs with the mass spectrum reported
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by Fukui et al. was not observed. However, we
found a quantitatively detected peak with a different
mass spectrum from that found by Fukui er al. and
denoted it as the peak of BAL-iAs. The fragment
ions of BAL-iAs reported by Fukui er al. were at m/z
214 (M]), 212, 196, 166 and 107%, and Siu et al.
observed fragment ions of BAL-iAs at m/z 196, 166
and 107'Y. Our mass spectrum showed major. frag-
ment ions at m/z 212, 165 and 107, and the [M]* of
the expected structure was not observed, even when
GC-MS conditions (temperatures of the injection port
and ion source and electron energy) were changed.
From the difference of these mass spectra, the peak
that we regarded to be BAL-iAs may be differ-
ent from the presented structure in previous studies.
Therefore, further studies (including nuclear magnetic
resonance analyses) are in progress to determine the
exact structure of BAL-iAs.

The derivatization and extraction procedure was
performed according to the method of Fukui et al.
with some modifications, including scale-down of the
sample volume and change of extraction solvent®,
Benzene was used as the extraction solvent in the
method of Fukui er al. However, benzene is highly
toxic. Therefore, we examined if DCM, toluene,
hexane, ethyl acetate or ethyl ether could be used
as suitable alternate solvents, as they are less toxic
than benzene. DCM and toluene showed almost
the same extraction efficiency as that of benzene.
Hexane and diethyl ether resulted in poor extraction
of BAL-MMA. Ethyl acetate was hardly able to
extract BAL-MMA and BAL-iAs. We finally chose
DCM as the extraction solvent, because it is less toxic
than toluene and gave higher peaks. Moreover, we
changed the volume ratio of the sample-extraction
solvent from 2 to 4 to obtain higher sensitivity.
Details of optimal reaction conditions have not been
reported previously. Therefore, we confirmed the
influence of the reduction time and the derivatization
reaction time. From the obtained results, the optimal
reaction conditions were found to be a reduction reac-
tion for 30 minmutes and a derivatization reaction for
30 minutes as shown in Fig. 1.

The proposed method was validated according to
the US FDA guidelines?. The accuracy and precision
values of the proposed method met the FDA crite-
ria. The proposed method was further validated by
analyzing SRM 2669. The obtained results showed
that the proposed method had sufficient accuracy,
since the results were not significantly different from
the certified values according to application note 1 of
the IRMM!® (Table 3). Under the constant GC-MS
condition, the robustness of the proposed method
was evaluated by using three different columns with
the same column size (InertCap 5MS/NP, HP-5MS
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Fig. 3.

Typical reconstructed mass chromatograms of a (A) blank urine (MMA, <LOQ; iAs, <LOQ), (B) standard

spiked urine (MMA, 10.0 ug/l; iAs, 10.0 ug/l) and (C) Standard Reference Material (SRM) 2669 level 11
(National Institute of Standards and Technology) (MMA, 6.8 ug/l; iAs, 11.3 ug/l). Typical mass spectra of the
derivatives of (D) monomethylarsonic acid (BAL-MMA) and (E) inorganic arsenic (BAL-iAs). Peak 1, BAL-
MMA; peak 2, internal standard (IS); peak 3, BAL-iAs.

and HP-1MS; Agilent Technologies). There were no
observed discrepancies in the chromatographic data.
Therefore, the proposed method could be considered
to be robust.

In comparison with a previously reported HPLC-
ICP-MS method>™, the proposed GC-MS method
not only showed a similar LOD (HPLC-ICP-MS:
0.2-0.3 ug/l) but also had several advantages. The
proposed GC-MS method had a higher capability of
separation for the use of a capillary column and had

a higher selectivity and higher capability of identifi-
cation and confirmation of compounds because mass
spectra were obtained. Moreover, it does not require
expensive reagents, an expensive and complicated
instrument system and high running costs. One of
the disadvantages of this method was that it could not
distinguish As(IIl) and As(V). Although a speciation
analysis was not required in this study, if necessary, it
may be achieved by using a sequential procedure for
sample preparation. Another disadvantage was that
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it required a derivatization procedure and a relatively
large volume of urine (2 m/). However, requesting
a large volume of urine is not a serious problem in
routine analyses at periodic health checkups.

In conclusion, we developed and validated a
GC-MS method to simultaneously determine iAs and
MMA in urine. The proposed method was a robust,
selective and cost-effective method suitable for routine
analyses and could be useful for the biological moni-
toring of occupational exposure to iAs.
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