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Objectives The purpose of this study was to determine a separation method for each
arsenic metabolite in urine by using a high performance liquid chromatography (HPLC)-
inductively coupled plasma-mass spectrometer (ICP-MS).

Methods Separation of the arsenic metabolites was conducted in urine by using a poly-
meric anion-exchange (Hamilton PRP X-100, 4.6 mm X 150 mm, 5 pym) column on Agi-
lent Technologies 1260 Infinity LC system coupled to Agilent Technologies 7700 series
ICP/MS equipment using argon as the plasma gas.

Results All five important arsenic metabolites in urine were separated within 16 minutes
in the order of arsenobetaine, arsenite, dimethylarsinate, monomethylarsonate and arse-
nate with detection limits ranging from 0.15 to 0.27 pg/L (40 pL injection). We used G-
EQUAS No. 52, the German external quality assessment scheme and standard reference
material 2669, National Institute of Standard and Technology, to validate our analyses.
Conclusions The method for separation of arsenic metabolites in urine was established
by using HPLC-ICP-MS. This method contributes to the evaluation of arsenic exposure,
health effect assessment and other bio-monitoring studies for arsenic exposure in South
Korea.
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Introduction

Arsenic, a metalloid and naturally occurring element, is one of
the most abundant elements in the earth’s crust and is found
throughout our environment. Arsenic is primarily used as an in-
secticide, as an herbicide due to its germicidal power, and as a
preservative for wood to make it resistant to rot and decay resis-
tant. Arsenic compounds are easily dissolved in water, therefore
chronic arsenic effect from ingestion of arsenic-contaminated
food and water or inhalation from the air has been investigated

from many research groups in several countries. Arsenic expo-

sure has been associated with detrimental health impacts such
as hyperpigmentation, keratosis, skin and other types of cancer
and vascular disease [1,2]. Because of the human health risk of
arsenic, the International Agency for Research on Cancer
(IARC) has classified arsenic as a group I human carcinogen
[3]. It is believed that arsenic is a unique human carcinogen ac-
cording to investigation into its carcinogenic effects over the last
several decades. In regard to the carcinogenic effects of arsenic,
recent studies have shown that cigarette smoking and ingestion
of arsenic-containing drinking water at the same time signifi-

cantly increased the synergistic effects of lung cancer [4]. In ad-
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dition, other groups have suggested that a significant correlation
between arsenic exposure and skin cancer has been observed
[S]. There is also obvious evidence about the non-carcinogenic
related effects of arsenic, including the chronic effect of arsenic
exposure being strongly associated with spontaneous abortion
and stillbirth [6], cardiovascular disease 7], disruption of hor-
monal systems [8], and type two diabetes mellitus [9].

Once arsenic compounds have been absorbed through various
routes, such as the respiratory system or via food consumption,
they are generally processed via a metabolic pathway in the liver
[10], being converted into many different types of inorganic and
organic species including arsenite (As*), arsenate (As™), di-
methylarsinate (DMA ), and monomethylarsonate (MMA). Ar-
senic metabolites in the body are eventually excreted into the
urine, which is the major excretion pathway for the elimination
of arsenic species from the body (Figure 1). Each arsenic form
has a different physiological and bioactive property, hence it is
necessary to identify and quantify each various arsenic chemical
form for evaluation of human health risks related to arsenic ex-
posure. In addition, previous studies have demonstrated that the
total arsenic concentration, known as the sum of DMA, MMA
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and inorganic arsenic, is not sufficient for health risk assessment
[11,12]. There have been several studies on the assessment of
arsenic exposure in South Korea [ 13,14], but separation of arse-
nic metabolites in the general population in South Korea has not
yet been reported. The toxicity of arsenic is strongly dependent
on its chemical species present in the body. It is generally known
that the inorganic forms of arsenic, such as As™ and As™*, are
more toxic than the organic arsenic, such as DMA and MMA,
and among the inorganic arsenic species, As* is more toxic than
As® [15-17]. In order to estimate human urinary arsenic me-
tabolites, seafood ingestion should be prohibited at least 3 to 4
days prior to urine sample collection to avoid over estimation of
urinary arsenic species. It is well known that some seafoods con-
tain arsenic, including arsenobetaine in crustaceans and arsen-
osugars in seaweeds [ 18]. Thus, the aim of this study was to de-
sign an analytical procedure for separation of urinary arsenic
metabolites by using high performance liquid chromatography
(HPLC)-inductively coupled plasma-mass spectrometer (ICP-
MS). Using this method, it will contribute to the evaluation of
arsenic exposure, human health effect assessment and other bio-

monitoring studies of arsenic exposure in South Korea.

Urine

As* & A" 10-20%
MMA 10-20%
DMA 60 - 80 %

Seaweed consumption

(Arsenosugar and arsenobetaine)

Figure 1. Arsenic metabolism in the human body. As®*, arsenate; As>*, arsenate; MMA, monomethylarsonate; DMA, dimethylarsinate; TMA, trimethylarsine.
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Materials and Methods

Apparatus

For the separation of individual arsenic species, we used an
Agilent Technologies 7700 series ICP-MS instrument (Agilent
Technologies, Santa Clara, CA, USA), equipped with a low-
flow sample introduction system and patented high matrix in-
troduction kit. The HPLC system (Agilent Technologies) con-
sisted of an Agilent 1260 Infinity Quaternary Pump VL, stan-
dard auto-sampler, and thermostat column compartment,
equipped with Peltier cooling and heating apparatus for provid-
ing temperature stability and application flexibility. All samples
were filtered with a 0.22 ym membrane before being placed into
chromatographic vials (Agilent Technologies), then placed on
the auto-sampler tray. A PRP X-100 anion-exchange HPLC col-
umn (S pm, 4.6 mm X 250 mm, Hamilton, Bonaduz, Switzer-
land) was used for arsenic species separation. The column was
packed with a 55% cross-linked polystyrene divinylbenzene co-
polymer functionalized with quaternary ammonium anion-ex-
changer groups. The outlet of the column was directly connect-
ed to the sample introduction system of ICP-MS instrument.
Reading data were collected by using Mass Hunter Workstation
version B.01.01 (Agilent Technologies). The operating condi-
tions for HPLC and ICP-MS are shown in Table 1.

Reagents

Deionized water was used for preparation and dilution of re-
agents, urine samples, and calibration solutions. Calibration so-
lution supplied by Agilent Technologies, South Korea was pre-
pared by dilution with deionized water from 1,000 mg/L stock.
Standard reference material (SRM) and German external quali-
ty assessment scheme (G-EQUAS) No. 52 were used for inter-
nal control and accuracy of HPLC-ICP-MS. SRM 2669 was ob-
tained from the National Institute of Standards and Technology
(NIST) and G-EQUAS No. 52 was obtained from Erlangen-
Nuremberg University, Germany. Prepared SRM was stored at
-80°C until use. The reagents used in HPLC mobile phase, in-
cluding ammonium carbonate, Tris, and ammonium sulfate
(Sigma-Aldrich, St. Louis, MO, USA), were prepared in deion-
ized water and filtered through a 0.45 ym membrane before use.
These mobile phase reagents were prepared fresh daily. All re-
agents were analytical grade or better.

Linearity and Calibration Curves

Calibration was performed on five points over a concentration
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Table 1. HPLC and ICP-MS operating conditions for the separation of uri-

nary arsenic metabolites

Parameter

Setting

HPLC parameters and settings
Instrument

Analytical column
Column dimensions
Pump flow rate
Injection volume
Mobile phase A

Mobile phase B

Gradient elution program

ICP-MS parameter and setting
Instrument
RF power
RF matching
Carrier gas flow rate
Sampler and skimmer cones
Spray chamber temp
He flow rate
Nebulizer

Agilent Technologies 1260 Infinity
1260 Quat Pump VL
Hamilton PRP-X100, 5 ym
4.6X250 mm

1.0 mL/min

40 uL

10 mM ammonium carbonate
10 mM Tris

pH9.2

10 mM ammonium carbonate
10 mM Tris

15 mM ammonium sulfate
pH 8.8

00-05 min: “A” 100%

05-11 min: “B” 100%

11-13 min: “B” 100%

13-16 min: “A” 100%

Agilent Technologies 7700 series
1,550 W

1.80V

1.05 L/min

Nickel

2°C

4.3 m/min

Concentric nebulizer

HPLC, high performance liquid chromatography; ICP-MS, inductively coupled
plasma-mass spectrometer.

range of 1 to 20 pg/L. More than three calibration standards for
each calibration point were prepared. Measurements for each
calibration were averaged, then calibration curves were ob-
tained, which resulted in good correlation coefficients of at least

0.9998.
Precision and Accuracy

In order to validate the analytical procedure, within-day and
between-day precision measurements were conducted by calcu-
lating the average, standard deviation (SD), and coefficient of
variation (CV) using NIST SRM 2669 (Gaithersburg, MD,
USA), and G-EQUAS No. 52. Accuracy was calculated by the
recovery rate in all repeated analyses, using SRM 2669, and G-
EQUAS No. 52.

Statistical Analysis

For statistical analysis, SAS version 9.3 (SAS Institute Inc.,
Cary, NC, USA) was used. Data are expressed as the mean + SD
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of separate experiments.

Results

Linearity and Calibration Curves

To validate analysis accuracy, calibration was performed sever-
al times and the average signal intensity value for each calibra-
tion was used to make the calibration curves. The calibration
curves of each five point arsenic species showed satisfactory lin-
earity for As**, As’*, DMA, and MMA (Figure S1). Retention
times of arsenic metabolites, such as As**, DMA, MMA, and
As™, are listed in Figure S2. The four major arsenic metabolites

were separated within 16 minutes.
Repeatability, Accuracy, and Recovery rates

To validate repeatability and accuracy, we used two certified
materials, NIST SRM 2669 and the G-EQUAS No. 52 urine
sample. These certified materials provided the reference and
tolerance values, enabling HPLC-ICP-MS to be used for the
quantification of arsenic speciation. A reference values of four
arsenic species in SRM 2669 were provided by NIST as follows
5.03 for As**, 25.3 for DMA, 7.18 for MMA, and 6.16 for As**,
respectively. Reference values for G-EQUAS No. 52 were also
provided by the manufacturer. Five replicate analyses with each
certified material are summarized in Table 2, which show good
results compared to the reference values. We further confirmed
recovery rate for the separation of arsenic metabolites using two
certified materials by HPLC-ICP-MS. Over § replicates samples
of the certified materials were used for the recovery test. In the
case of the G-EQUAS No. 52 samples, relative standard devia-
tion values ranged from 8.38% for As™, 4.12% for As™", 3.44%
for DMA, and 9.85% for MMA, respectively. Although recovery

values gathered for all arsenic species were more diverse, values

of over 90% were obtained through our arsenic species separa-
tion method. Even though other materials, including SRM
2669, provided small certified values, recovery values were al-
most the same as the G-EQUAS No. 52 sample, except for As*
(Table 2). Within-day and between-day precision with two cer-
tified materials were also evaluated. CVs of four arsenic species
in NIST SRM 2669 and G-EQUAS No. 52 sample revealed
lower than 10% precision, respectively (Table 3). Those results
clearly demonstrated that separation of arsenic metabolites in
urine sample by using HPLC-ICP-MS could be an applicable
method for the general population.

Limit of Detection

Limit of detection (LOD) using HPLC-ICP-MS was also con-
firmed. To evaluate LOD, single standard solution (1 ug/ L) was
selected, then the concentration of the sample was determined
over 10 times. The standard deviation for 10 samples was 0.05
for As®, 0.09 for DMA, 0.09 for MMA, and 0.05 for As*". The

LOD of each arsenic species is summarized in Table 4.
Speciation of Arsenic in Urine Samples

To validate whether this method for separation of arsenic me-
tabolites using HPLC-ICP-MS is appropriate for human urine
samples, we further applied this method using five human urine
samples. These samples were obtained from the Environmental
Health Center, Dong-A University (IRB 13-063, Dong-A Uni-
versity Hospital). The concentrations of arsenic metabolites in
these samples were obtained from five replicate HPLC-ICP-MS
analyses, the results are shown in Table S. Consistent with previ-
ous studies, results using human urine samples showed that
DMA was the major arsenic metabolite in human urine samples.
In addition, the sum of inorganic arsenic (As* and As®) con-

centrations in the samples was shown to be within the range re-

Table 2. Recovery values of the arsenic metabolite separation analysis, using standard reference material (SRM) 2669 and G-EQUAS No. 52 samples, by

HPLC-ICP-MS (ug/L)

Certified material Arsenic species Certified value+SD Detection value mean+SD RSD (%) Recovery (%)

NIST SRM 2669 As* 5.03+0.31 3.4210.31 8.91 67.5
DMA 25.3110.74 25.3710.76 3.01 99.3
MMA 7.1840.56 6.8310.35 5.21 96.1
A 6.16+0.95 5.8310.37 6.39 94.6

G-EQUAS No. 52 As* 3.05+0.91 2.7610.23 8.38 92.0
DMA 16.82+3.35 18.51+0.64 3.44 110.0
MMA 3.01+1.21 2.891+0.28 9.85 96.0
As®* 4.61+1.52 5.6610.23 412 123.0

SD, standard deviation; RSD, relative standard deviation; NIST, National Institute of Standard and Technology; As®*, arsenite; DMA, dimethylarsinate; MMA,

monomethylarsonate; As®*, arsenate.
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Table 3. Concentration of arsenic metabolites in SRM 2669 and G-EQUAS No. 52 sample, obtained from 15 replicate determinations by HPLC-ICP-MS (ug/L)

Arsenite Dimethylarsinate  Monomethylarsonate Arsenate
NIST-2669, human urine
Within-day precision (n=3) Mean 3.13 25.14 6.90 5.83
SD 0.09 0.62 0.29 017
CV (%) 2.94 2.45 415 2.96
Between-day precision (n=15) Mean 3.40 25.37 6.80 5.80
SD 0.30 0.76 0.35 0.37
CV (%) 8.90 3.01 5.21 6.39
G-EQUAS No. 52, human urine
Within-day precision (n=3) Mean 2.90 17.64 2.67 5.59
SD 0.03 0.26 0.10 0.36
CV (%) 1.15 1.50 3.65 6.38
Between-day precision (n=15) Mean 2.76 18.51 2.89 5.66
SD 0.23 0.64 0.28 0.23
CV (%) 8.38 3.44 9.85 412

SRM, standard reference material; NIST, National Institute of Standard and Technology; SD, standard deviation; CV, coefficient of variation.

Table 4. Limit of detection (LOD) of each arsenic metabolites (ug/L)

Arsenite  Dimethylarsinate  Monomethylarsonate Arsenate
LOD 0.15 0.27 0.27 0.16

ported by the American Conference of Government Industrial
Hygienists (ACGIH, 10 pg/L). In case of organic arsenic, since
eating seafood was not strictly prohibited for 3 days before col-
lecting urine samples, DMA results might have been affected by

seafood ingestion.

Discussion

This study was performed to evaluate arsenic speciation in
urine using a HPLC-ICP-MS technique. Arsenic is of interest in
the field of arsenic metabolites separation analysis due to differ-
ent toxicities being associated with different chemical forms. In-
organic arsenic, such as As** and As™, is considered the most
toxic form among arsenic metabolites, therefore arsenic is classi-
fied as genotoxic and carcinogenic by the IARC [19,20]. Previ-
ous studies have shown that chronic arsenic exposure can cause
various human diseases. Recently, diabetes mellitus has been
linked with arsenic-contaminated drinking water [21,22]. After
arsenic consumption into the body, arsenic is metabolized into
various types of arsenic chemical forms, then usually excreted in
the urine, so urinary measurement is a major factor in biomarker
determination for arsenic exposure assessment in humans. In
this study, we have developed a method for separation of arsenic
metabolites from urine using certified materials with HPLC-
ICP-MS. All four major arsenic metabolites were separated
within 16 minutes with detection limits ranging from 0.1S to

0.27 pg/L. It suggested that this method could be used for ana-

http://e-ehtorg/

Table 5. Concentrations of arsenic metabolites in human urine samples
(Hg/L)

Arsenite Dimethylarsinate Monomethylarsonate  Arsenate
Sample 1 <LOD  53.18%+4.04 4.55+0.42 4.45+0.38
Sample2 <LOD  51.07%2.01 4.87+0.48 0.38£0.21
Sample3 <LOD  17.32%+1.10 4.01£0.35 3.24+0.14
Sample4 <LOD  33.92+1.49 3.8610.39 4.461+0.39
Sample5 <LOD  71.144+3.97 5.8310.51 4.48+0.34

<LOD: below detection limit (0.15 pg/L).

lyze the lower concentration of urinary arsenic metabolites pres-
ent in human samples. A previous study conducted in 2010 us-
ing a HPLC-ICP-MS method showed detection limits ranging
from 0.092 to 0.197 pg/L [23], which is a similar range to our
detection limits, hence, this method for separation of arsenic
metabolites could be considered as being a reliable analysis
method for assessment of arsenic exposure.

Among arsenic metabolites, DMA is the main metabolite in
urinary excretion under normal conditions without excessive
ingestion of inorganic arsenic. Excretion ratios are usually 10%-
20% for inorganic arsenic, 10%-20% for MMA, and 60-80%
DMA, respectively [24]. The present values for each arsenic
species in our study using HPLC-ICP-MS show reasonable ra-
tios in all arsenic metabolites and obtained results also show re-
liable ratios of each arsenic metabolite. The stability of retention
time plays an important role in the reliable identification of each
arsenic metabolite, because the identity of chromatographic
peaks is normally obtained by comparing the retention time of
the analysis of the sample with those of the standards. There-
fore, we evaluated the retention time using a mixed calibration
solution, then gathered recovery rates of each arsenic metabolite

using certified materials. Using this method, calibration chro-
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matograms were obtained from HPLC-ICP-MS analyses. Only
40 pL of sample had to be injected for the analysis, and excellent
linearity measurements were obtained with r*=0.999. Further
recovery rates using the G-EQUAS No. 52 certified material
were in accordance with those obtained by others, whose recov-
eries were in the range of 87 to 105% for As**, 82 to 112% for
DMA, 89 to 111% for MMA, and 91 to 107% for As>* [25,26].
Thus, we used this approach to check whether there was any in-
terference with quantitative determination of arsenic species in
urine samples. Analysis of five human urine samples using
HPLC-ICP-MS revealed that inorganic arsenic species did not
exceed the range reported by ACGIH. On the other hand, or-
ganic arsenic, especially DMA, showed higher results compared
to other reports. Because, eating seafood was not strictly prohib-
ited for 3 days before collecting these urine samples, it can be as-
sumed that DMA concentrations might have been affected by
seafood ingestion. It is well known that seafood ingestion can
lead to misleading results, so seafood consumption is usually
prohibited for at least 3 days before urine collection [18]. How-
ever, the current study introduces a method for separating arse-
nic metabolites in urine samples using HPLC-ICP-MS. We
strongly suggest that continuous monitoring of the general pop-
ulation in Korea for arsenic metabolites in urine samples using
HPLC-ICP-MS will provide significant information for the ar-
senic exposure index and contribute to the evaluation of health

effect assessments from arsenic exposure in South Korea.
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Figure S1. Calibration curves obtained from each arsenic metabolite (A) arsenite, (B) arsenate, (C) monomethylarsonate, and (D) dimethylarsinate, ranging
from 1 to 20 pg/L using HPLC-ICP-MS. As®*, arsenite; As®*, arsenate; DMA, dimethylarsinate; MMA, monomethylarsonate.
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Figure S2. Chromatogram for arsenic metabolites obtained from HPLC-ICP-MS analysis. AB, arsenobetaine; As®*, arsenite; DMA, dimethylarsinate; MMA
monomethylarsonate; As®*, arsenate.
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