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Abstract: The simultaneous determination of arsenic and mercury species in human urine is
critical for clinical diagnostics and therapeutic monitoring because it reduces the costs, time,
and consumption of samples. This study proposes a method of utilizing high-performance
liquid chromatography-inductively coupled plasma mass spectrometry (HPLC-ICP-MS)
for the concurrent analysis of arsenic and mercury species in urine samples. The separation
was performed using a Hepu AR 5 µm C18 (250 × 4.6 mm) column, employing a mobile
phase composed of 0.1% L-cysteine, 5 mM NH4H2PO4, and 4 mM tetrabutylammonium
hydroxide (TBAH). The samples were diluted with water, and matrix interference was
reduced through the application of a kinetic energy discrimination (KED) mode. Calibration
curves for four arsenic species and three mercury species exhibited strong linearity within
the range of 1–20 µg L−1, with correlation coefficients (r) above 0.999. The limits of detection
(LOD) ranged from 0.030 to 0.086 µg L−1, while the limits of quantitation (LOQ) were
observed to range from 0.10 to 0.29 µg L−1. The spiking recoveries for all species varied
from 87.0% to 110.3%, and the intra-day and inter-day relative standard deviations (RSD)
were determined to be 1.1–6.0%, and 0.8–9.2%, respectively. These results indicate that the
developed method achieves high precision, accuracy, and suitability for clinical applications,
offering valuable insights for the diagnosis and treatment of heavy metal exposure.

Keywords: arsenic species; mercury species; human urine; HPLC-ICP-MS

1. Introduction
Heavy metal poisoning is characterized by the deleterious accumulation of elements

with metallic properties in human tissues, which can lead to severe morbidity or mortality
if not promptly and accurately diagnosed and treated [1]. The clinical manifestations of
heavy metal toxicity are diverse, with certain symptoms being element-specific while others
are nonspecific, often mimicking common illnesses [2–4]. Accurate diagnosis necessitates
a comprehensive epidemiological investigation coupled with clinical assessment to iden-
tify the offending metal. Confirmation of the diagnosis is achieved through laboratory
analyses [5].

The pollution caused by arsenic and mercury is characterized by its long-term effects,
bioaccumulation, latency, and irreversibility. These heavy metals can infiltrate the human
body through various pathways including air, water, and food, leading to adverse health
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outcomes [6–8]. The toxicity of arsenic and mercury largely depends on their chemical
forms. Inorganic arsenic forms such as arsenite (As(III)) and arsenate (As(V)) exhibit sig-
nificantly higher toxicity compared to their organic counterparts like arsenobetaine (AsB),
monomethyl arsenic (MMA), and dimethyl arsenic (DMA). Similarly, organic mercury
species, including methylmercury (MeHg) and ethylmercury (EtHg), are considerably more
detrimental than their inorganic forms [9–11]. To comprehensively evaluate the impact
of elemental arsenic and mercury on human health through diverse exposure pathways,
including environmental and dietary sources, it is crucial to investigate the toxicity profiles
of various arsenic and mercury species, along with their metabolites, in human urine. The
Chinese Health Industry Standard WS/T 665-2019 recommends a urinary arsenic limit of
≤0.032 mg L−1 for the general population [12], while the American Conference of Gov-
ernmental Industrial Hygienists (ACGIH) sets a limit of ≤0.035 mg L−1 and the German
Deutsche Forschungsgemeinschaft (DFG) specifies ≤0.030 mg L−1 [13,14]. For mercury,
WS/T 265-2006 establishes a urinary threshold of ≤4 µg g−1 creatinine in China [15],
stricter than the limit set by both the DFG of ≤20 µg g−1 creatinine and the ACGIH limit
of ≤35 µg g−1 creatinine [13,14]. Given the significant variability in health impacts associ-
ated with different species of arsenic and mercury, it is insufficient to evaluate exposure
solely based on total concentrations. Consequently, there is a critical need to develop an
analytical technique capable of specifically determining the species of arsenic and mercury
present in human urine. High-performance liquid chromatography-inductively coupled
plasma mass spectrometry (HPLC-ICP-MS) and high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS-MS) are commonly employed for the analysis of
arsenic species [16–19], with recent advancements enabling total arsenic determination
and speciation on a single automated platform for rapid and reliable analysis [20]. Gas
chromatography-inductively coupled plasma mass spectrometry (GC-ICP-MS) and HPLC-
ICP-MS with isotope dilution are commonly employed for the analysis of various mercury
species [21–23]. Consequently, to conduct speciation studies on arsenic and mercury, it
is essential to optimize the HPLC-ICP-MS conditions for each element individually and
subsequently identify the specific species. This approach, while precise for single-element
analysis, is time-consuming and labor-intensive. Moreover, it may not be adequate for
evaluating complex metabolic interactions or for monitoring coexisting elements that could
potentially interact [24]. Therefore, it is extremely desirable to determine all species of
multiple elements in a single run [25]. Recent efforts have been made to employ HPLC-
ICP-MS for the simultaneous analysis of various species of arsenic and mercury. Narukawa
et al. employed microwave-assisted extraction to extract inorganic arsenic and methylmer-
cury from edible oils, with the compounds subsequently determined using HPLC-ICP-MS
equipped with a C18-ODS column [26]. This approach, however, demonstrated a significant
time disadvantage, with a retention time of 35 min for ethylmercury under these conditions,
which is considerably longer than other multimetal speciation analyses. Conversely, Fang
et al. applied a similar extraction method to rice samples, using HPLC-ICP-MS with a
C18 column and achieving a retention time of 20 min [27]. Nevertheless, the separation of
arsenic and mercury species was not concurrent, leading to idle periods for one element
while eluting the other, thus not fully exploiting the multi-element detection capabilities
of ICP-MS. Zhang et al. developed a method that couples HPLC with ICP-MS for the
simultaneous speciation analysis of arsenic, mercury, and lead [28]. However, the sensi-
tivity for arsenic species proved unsatisfactory and was only effective for samples with
high concentrations of arsenic. No studies have explored the chromatographic behavior
of numerous arsenic and mercury species in matrices with abundant organic molecules
and high-salt human urine that show both stability and sensitivity following a simple
pretreatment technique.
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This study is focused on developing an efficient analytical method for the simultane-
ous detection of arsenic and mercury species in human urine using HPLC-ICP-MS. The
kinetic energy discrimination (KED) mode of ICP-MS was employed and finely tuned to
mitigate interference from organic molecules and the high-salt matrix present in urine.
Optimizations of the HPLC conditions were conducted to facilitate concurrent determina-
tion of arsenic and mercury species. Consequently, a rapid and quantitative method was
established, enhancing the precision of data crucial for clinical diagnostics and therapeu-
tic applications.

2. Materials and Methods
2.1. Main Instruments and Reagents

A NexION 300D ICP-MS (PerkinElmer, Waltham, MA, USA), featuring a concentric
nebulizer and a collision reaction cell was employed, paired with a Series 200 HPLC system
(PerkinElmer, Waltham, MA, USA). Chromatographic separation was achieved using a
Hepu AR 5 µm C18 column (250 × 4.6 mm) (Hepu Material Co., Hangzhou, Zhejiang,
China). Deionized water was purified using a Millipore water purifier (Millipore Ltd.,
Bedford, MA, USA). The pH adjustments were performed with an PHS-2C pH meter
(Mettler-Toledo Co., Greifensee, Switzerland), and sample homogenization utilized a
high-speed centrifuge (Eppendorf Co., Hamburg, Germany). Standard stock solutions of
1000 mg L−1 Hg(II), MeHg, and EtHg (as Hg) were prepared using HgCl2, CH3HgCl, and
C2H5HgCl, respectively, sourced from Alfa Aesar (A Johnson Matthey Company, Haverhill,
MA, USA). Standard stock solutions of 1000 mg L−1 As(V), AsB, MMA, and DMA (as
As) were individually obtained by dissolving Na3AsO4, C5H11AsO2, CH4AsNaO3, and
C2H6AsNaO4 from J&K Scientific Ltd. (Beijing, China) in ultrapure water. An arsenic
standard solution of 1000 mg L−1 (as As(III)) was obtained from Sigma-Aldrich (St. Louis,
MO, USA). Internal standards were prepared using yttrium (GBW(E)080576) and bismuth
(GBW(E)080589) stock standards from Reference Materials of China. Standard Reference
Material 2669 L-2 (NIST, Gaithersburg, MD, USA) and Seronorm Trace Elements Urine
L-2 (Sero AS, Billingstad, Norway) were used as certified reference materials. The mobile
phase was composed using reagents such as tetrabutylammonium hydroxide (TBAH, 25%
v/v in water), tetrabutylammonium bromide (TBAB), sodium hexanesulfonate, L-cysteine,
ammonium dihydrogen phosphate, potassium dihydrogen phosphate, and ammonium
acetate, all sourced from Aladdin Chemistry (Shanghai, China).

2.2. Sample Preparation

Urine samples were collected from laboratory staff who voluntarily participated in
the study. All samples were anonymized to ensure confidentiality. Following collection,
the samples were immediately refrigerated at 4 ◦C to preserve their integrity. For analysis,
1 mL of each urine sample was transferred into a 15 mL polypropylene centrifuge tube.
Subsequently, 4 mL of deionized water was added to each tube to dilute the samples. The
mixtures were then centrifuged at 7500 rpm min−1 for 5 min. The supernatant was filtered
by a 0.22 µm filter membrane for instrumental analysis. The sample blank was pretreated
at the same time.

2.3. HPLC-ICP-MS Conditions

The instrumental operating conditions are shown in Table 1.
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Table 1. Instrumental operating conditions.

ICP-MS Parameters

RF power 1300 W
Nebulizer flow rate 1.05 L min−1

Plasma gas flow rate 18.0 L min−1

Auxiliary gas flow rate 1.2 L min−1

Cell gas A flow rate 0.6 mL min−1 O2
Cell gas B flow rate 1.4 mL min−1 5% H2 in He

RPQ 0.45
Sampling cone/Skimmer cone 1.0/0.4 (Pt)

Isotopes monitored 75As, 202Hg, 89Y, 209Bi
Dwell time 50 ms

Sweeps 40
Data acquisition mode Time resolved analysis

HPLC conditions
C18 250 × 4.6 mm, Hepu AR

Mobile phase A 0.1% Cys
Mobile phase B 4 mmol L−1 TBAH + 5 mmol L−1 NH4H2PO4

Injection volume 50 µL
Flow rate 1.0 mL min−1

Gradient program
Time (min) 0 1 7 8 15

A/% 0 0 100 0 0
B/% 100 100 0 100 100

2.4. Method Validation

The method was validated in terms of linearity, LOD, LOQ, repeatability, and trueness.
To evaluate the linearity, a mixed standard solution of six analytes (0, 1.0, 2.0, 5.0, 8.0, 10.0,
20.0 µg L−1) was prepared for seven-point calibration curves. The correlation coefficients
were evaluated to a fit of at least 0.999. Previous studies have used several statistical
methods to determine the LOD and LOQ, such as the standard deviation of the response
and the slope [29]. Another method is to determine the concentrations that produce a signal
(peak area) three or ten times higher than the sample matrix blank in the chromatogram [30].
It is crucial to choose a sample matrix that is free of these analytes. Considering that analytes
are extremely likely to be present in urine, it is essential to dilute the sample. However,
the matrix effect changes when the sample is diluted, resulting in unrepresentative LOD
and LOQ values. As a result, the LOD and LOQ are defined as the lowest calibration
concentrations that produce a chromatographic signal with a signal-to-noise (S/N) ratio of
3 or 10, respectively [31]. Repeatability was determined by monitoring the RSD (intra-day
precision and inter-day precision). The intra-day test was performed by repeating the
spiked samples at each spiking level on the same day; each sample was measured six times.
The inter-day test was prepared by testing spiked samples over six days. The analysis of
certified reference substances and the testing of spiking recoveries at concentrations of 2, 5,
and 10 µg L−1 were used to evaluate the trueness of the method.

3. Results and Discussion
3.1. Optimization of Pretreatment Conditions

We employed a tuning solution to adjust the parameters of the instrument, thereby
minimizing organic solvent interference in ICP-MS. This allowed us to establish the opti-
mized conditions for sensitivity, oxides, double charge, and resolution. Urine contains 95%
water, 1.8% urea, and 1.1% inorganic salts. Previous research has explored various diluents
for urine in analytical applications. Todor et al. employed a 1% nitric acid solution for urine
dilution [32]. Similarly, Nguyen et al. used a mobile phase consisting of 4 mM ammonium
carbonate and 0.05% EDTA to dilute urine samples [33]. To minimize the presence of other
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substances and maintain the stability of the urinary arsenic and mercury species, our study
employed the dilution of urine samples with deionized water. At lower dilution ratios,
however, there is an increase in the concentration of inorganic salts, which may lead to the
formation of ArCl+ from Cl- ions, potentially causing interference during mass spectromet-
ric detection. 202Hg+ was monitored due to its predominant abundance. Investigations into
potential polyatomic overlaps in various natural matrices, such as WO+ on Hg+ at m/z 202,
revealed their near absence in urine samples, thereby eliminating interference in the mass
spectrum. Therefore, the following experiments were designed: urine with a specific con-
centration of Seronorm Trace Elements Urine L-2 was diluted by factors of 2, 5, and 10, and
then introduced into ICP-MS. A reference solution with a 50 µg L−1 concentration of arsenic
and mercury was used, with a 10 µg L−1 concentration of yttrium and bismuth serving as
internal calibration. The results are shown in Table 2. The KED mode used helium gas in a
collision cell to reduce polyatomic ion interferences through kinetic energy discrimination
to measure 75As+ and 202Hg+, while the DRC mode used oxygen gas in a reaction cell to
eliminate interfering ions through selective chemical reactions to measure 91AsO+ and
218HgO+. When the dilution ratios were held constant, the element concentrations in urine
did not alter between the two modes, which agreed well with the certified concentration
(261 ± 53 µg L−1 for total arsenic and 44.0 ± 8.9 µg L−1 for total mercury), while the signal
intensity for 218HgO+ in DRC mode was 1.3 times greater than that for 202Hg+ in KED
mode, and the signal for 91AsO+ was double that of 75As+. A dilution factor of 5 was found
to effectively mitigate interference from inorganic salts while still maintaining sufficient
sensitivity. During the long-term signal stability testing, however, DRC mode exhibited
less stability for 91AsO+ and 218HgO+, with RSD of 10.3% and 5.1%, respectively, over a
30 min period. In contrast, KED mode showed significantly enhanced stability for 75As+

and 202Hg+, with RSD values of 2.2% and 0.9%, respectively. Therefore, KED mode was
selected to ensure experimental stability, considering its adequate sensitivity. Then, the
flow rate of Cell gas B (helium) was optimized to 1.4 mL min−1, achieving a stabilizing
effect. By applying a bandpass parameter (Rpq) of 0.45, the optimal RF voltage for the
quadrupole rods was determined, which proved most effective in minimizing polyatomic
interferences and maximizing sensitivity.

Table 2. Mass spectrum interference of ICP-MS with two experimental designs.

KED mode DRC mode
75As+ 89Y 202Hg+ 209Bi 91AsO+ 89Y 218HgO+ 209Bi

(µg L−1) (%) (µg L−1) (%) (µg L−1) (%) (µg L−1) (%)

Urine L-2 f = 2 288 94.2 42.3 75.3 292 91.8 43.2 77.1
Urine L-2 f = 5 257 95.7 45.0 84.1 260 93.7 44.4 76.4

Urine L-2 f = 10 251 95.1 46.5 88.0 243 90.2 45.6 81.3

3.2. Optimization of Chromatographic Conditions

Phosphate and acetate systems are widely employed as mobile phases for the analysis
of arsenic speciation, while Cys serves as an effective complexing agent for mercury in
silanol-based fillers [34]. To ensure analytical accuracy in multi-elemental speciation, it
is imperative to assess the compatibility of the mobile phase of arsenic with that used
for mercury speciation. Various types of columns, including ion exchange, C8, and C18,
have been utilized in arsenic and mercury speciation studies. However, ion exchange
columns, while effective for ionic species, fail to achieve simultaneous optimal retention for
arsenic and mercury species due to their differing ionization states. C8 columns, with lower
hydrophobicity, exhibit insufficient retention for highly polar arsenic species, reducing
separation efficiency [35]. In our study, a reversed-phase Hepu AR C18 column was utilized,
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as it provided balanced retention and separation for both arsenic and mercury species
when combined with ion-pairing reagents, enabling accurate and efficient multi-elemental
speciation analysis. As shown in Figure 1, the mobile phase was composed of 0.1% Cys,
with each individual mobile phase containing (a) 10 mM KH2PO4, (b) 10 mM NH4H2PO4,
and (c) 10 mM CH3COONH4. In the presence of KH2PO4, neither As(V) nor MMA
exhibited detectable peaks on the column (Figure 1a). In the Cys—NH4H2PO4 system,
the chromatographic profiles of As(V) were analogous to those of As(III), whereas MMA
displayed increased retention time and reduced sensitivity (Figure 1b). Conversely, in the
presence of CH3COONH4, As(V) and As(III) showed consistent chromatographic behaviors,
DMA exhibited an extended retention time, and MMA was undetectable (Figure 1c). The
complexation of Hg(II), MeHg, and EtHg with Cys in phosphate and acetate systems was
observed to be stable, with both separation efficiency and detection sensitivity maintained
across the systems. NH4H2PO4 exhibited superior performance due to the volatility of
ammonium salts, preventing crust formation at the HPLC-ICP-MS interface and ensuring
stable operation. Additionally, their ability to sustain plasma ionization efficiency is critical
for high ionization energy elements like arsenic (9.81 ev) and mercury (10.44 ev) [36].
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A: 0.1% Cys; B: (a) 10 mM KH2PO4, (b) 10 mM NH4H2PO4, (c) 10 mM CH3COONH4.

Research has shown that ion-pair reagents such as hexane-sulfonate, TBAB, and TBAH
can interact with ions from various arsenic species to enhance their hydrophobic retention
on reversed-phase columns [36]. Subsequently, further experiments employed mobile
phases composed of mixed solutions of Cys—NH4H2PO4 with three ion-pair reagents:
(a) 4 mM sodium hexane-sulfonate, (b) 4 mM TBAB, and (c) 4 mM TBAH. When sodium
hexane-sulfonate was included in the eluent, it caused arsenic species to elute more rapidly,
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and notably, unidentified impurity peaks were observed for As(III), suggesting inadequate
separation of arsenic species (Figure 2a). When TBAB was present, MMA was not retained
by the column (Figure 2b). Conversely, with TBAH, distinct peaks were observed for each
arsenic species (Figure 2c). In the series of experiments conducted, Hg(II), MeHg, and EtHg
were effectively distinguished, with TBAH showing the highest sensitivity.
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A: 0.1% Cys; B: 10 mM NH4H2PO4 containing (a) 4 mM sodium hexane-sulfonate, (b) 4 mM TBAB,
and (c) 4 mM TBAH.

The effect of Cys concentration on the separation of arsenic and mercury was investi-
gated between 0% and 0.15%, as shown in Figure 3. The increased concentrations of Cys
prolonged the retention times and significantly enhanced the resolution among Hg(II),
MeHg, and EtHg. Additionally, the peak intensities for Hg(II), MeHg, and EtHg were
progressively amplified with increasing concentrations of Cys. However, once the Cys
concentration surpassed 0.1%, no significant changes in the chromatographic behavior
of these mercury species were observed. For As(III), DMA, MMA, and As(V), a higher
concentration of Cys resulted in a quicker emergence of the peak for As(V), although it
did not significantly alter the chromatographic profiles of the other arsenic species. A Cys
concentration of 0.1% was selected to optimally balance the multi-elemental speciation
analysis time and resolution.
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The impact of pH adjustments (5.5–7.0) on multi-elemental speciation analysis was
evaluated using NH4H2PO4 as the pH modifier. Within this range, the acid dissociation
constants (pKa) of arsenic species are particularly relevant: As(III) remains neutral (pKa1,
9.2), while As(V) (pKa1, 2.3; pKa2, 6.8; pKa3, 11.6), MMA (pKa1, 2.6; pKa2, 8.2), and DMA
(pKa1, 6.2) exist predominantly in their anionic forms [37]. Cys deprotonated carboxyl and
thiol groups enable chelation, forming species such as As(Cyst)3 from As(V), CH3As(Cyst)2

from MMA, and (CH3)2AsCyst from DMA. These strong As-S complexes enhance retention
and facilitate better chromatographic separation from neutral As(III). Similarly, mercury
species form highly stable complexes with Cys through strong Hg-S bonds. Hg(II) com-
plexes with two Cys molecules, forming Hg(Cyst)2, while MeHg and EtHg each bind with
one, yielding MeHg(Cyst) and EtHg(Cyst), respectively [38]. These complexes significantly
influence retention and separation due to their interactions with the stationary phase. As
depicted in Figure 4, the retention times for As(III), DMA, MMA, Hg(II), MeHg, and EtHg
remained stable across the tested pH range. However, the retention times for arsenate As(V)
were significantly prolonged as the pH value increased. A pH of 6.5, with the addition of
5 mmol L−1 of NH4H2PO4, was determined to be an optimal compromise between separa-
tion time and resolution. Finally, the experiment employed a mobile phase composed of
0.1% L-cysteine, 5 mM NH4H2PO4, and 4 mM TBAH.
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3.3. Method Validation

The standard solution contains a mixture of arsenic and mercury species, with con-
centrations ranging from 1 to 20 µg L−1 and established at seven calibration points. Linear
regression analyses were conducted using the stepwise dilution method, with the results
detailed in Table 3. The correlation coefficients (r) for all calibration curves were consistently
greater than 0.999, demonstrating a strong and reliable linear relationship between the
concentrations of the analytes and the instrument response. The LOD values for arsenic
and mercury species were determined to range from 0.030 to 0.086 µg L−1 and 0.059 to
0.078 µg L−1, respectively. The LOQ values for arsenic and mercury species were found
to be 0.10 to 0.29 µg L−1 and 0.20 to 0.26 µg L−1, respectively. This indicates the ability to
determine these analytes at very low concentration levels. The LOD values for As(V) and
MMA were found to be one-fifth and one-third, respectively, of those reported in previous
studies’ measurements in lotus seed [24]. Although the LODs were higher than those of
Quarles et al. (2.8–9.1 ng L−1), which focused solely on arsenic speciation in urine, our
method’s simultaneous multi-element capability fully met clinical requirements for assess-
ing multiple heavy metal exposures [20]. Additionally, the retention time for ethylmercury
was notably reduced to 10 min, approximately 70% shorter than the previously reported
35 min [26]. These enhancements demonstrate that the developed method offers substantial
advantages in both time efficiency and analytical sensitivity compared to earlier reported
HPLC-ICP-MS methods for multi-elemental speciation analysis.

Table 3. Linear equations and the limits of detection.

Analyte Linear Equation Linear Range (µg
L−1)

Correlation
Coefficient (r) LOD (µg L−1) LOQ (µg L−1)

As(III) y = 27,601x + 4337.6 1–20 0.9992 0.030 0.10
As(V) y = 32,812x − 6542.2 1–20 0.9990 0.040 0.13
DMA y = 19,723x − 6925.1 1–20 0.9991 0.038 0.13
MMA y = 18,320x − 2065.0 1–20 0.9990 0.086 0.29
Hg(II) y = 36,321x + 783.23 1–20 0.9994 0.066 0.22
MeHg y = 37,950x + 516.39 1–20 0.9990 0.078 0.26
EtHg y = 33,338x − 11522 1–20 0.9991 0.059 0.20

We conducted an analysis of certified reference materials for quality control purposes
and utilized procedure blanks to assess potential sources of contamination. Standard
Reference Material 2669 L-2 (SRM 2669 L-2) was pretreated as described in Section 2.2 and
then analyzed, with the results presented in Table 4. It can be found that there is a good
agreement between the found and certified values (t-test at a 95% confidence level). Due to
the absence of certified reference materials for mercury species in urine, a random urine
sample was spiked with standard solutions at concentrations of 2.0, 5.0, and 10.0 µg L−1.
The procedure described in Section 2.2 was followed, and the analysis results are shown
in Table 5. Intra-day and inter-day relative standard deviations (RSD) were adopted for
precision validation. The arsenic species showed recoveries ranging from 87.0% to 110.3%;
the intra-day and inter-day RSDs were found to be 1.2–6.0%, and 0.8–7.9%, respectively.
The mercury species showed recoveries ranging from 94.4% to 108.8%; the intra-day and
inter-day RSDs were found to be 1.1–4.3%, and 4.1–9.2%, respectively. The achieved spiking
recovery values and low RSDs indicate that the analytical method is both repeatable and
reliable for detecting arsenic and mercury species in urine samples.
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Table 4. Analysis of standard reference materials a.

Urine (SRM 2669 L-2)

Analyte Found (µg L−1) Certified (µg L−1)

As(III) 4.93 ± 0.37 5.03 ± 0.31
As(V) 6.41 ± 0.55 6.16 ± 0.95
DMA 24.8 ± 0.3 25.3 ± 0.7
MMA 7.08 ± 0.21 7.18 ± 0.56

a mean values and 95%—confidence intervals (n = 6).

Table 5. Spiking recoveries and RSD of arsenic and mercury species in urine.

Analyte
Spiking Levels Recoveries RSD

(µg L−1) (%) Intra-Day (n = 6; %) Inter-Day (n = 6; %)

As(III) 2, 5, 10 109.2, 110.3, 102.0 1.4, 4.1, 3.7 7.4, 4.0, 5.1
As(V) 2, 5, 10 106.5, 102.5, 100.8 3.6, 2.8, 2.9 7.9, 6.6, 5.0
DMA 2, 5, 10 110.2, 101.6, 94.4 6.0, 5.0, 2.6 2.3, 2.0, 2.5
MMA 2, 5, 10 104.4, 87.0, 106.4 4.7, 3.9, 1.2 4.0, 1.0, 0.8
Hg(II) 2, 5, 10 95.0, 97.3, 98.9 2.7, 2.2, 1.2 4.9, 8.2, 8.0
MeHg 2, 5, 10 101.8, 98.5, 95.4 2.5, 2.2, 2.5 9.2, 8.0, 8.3
EtHg 2, 5, 10 108.8, 96.8, 94.4 1.1, 4.3, 3.2 6.8, 5.0, 4.1

3.4. Method Applications

The multi-elemental speciation of clinical samples follows the trend of faster and
simpler procedures and methodologies, allowing for a more rapid assessment of the
risks and impact of metal species on human health [39]. Notably, the study achieved
superior results without employing an anion exchange column to separate potentially
co-eluting chemical species, surpassing the LOQ reported by Morton et al. for As(III),
As(V), MMA, and DMA in urine, which was approximately 0.3 µg L−1 [40]. Furthermore,
the study exceeded the results of Li et al., who published a study that measured mercury
and selenium species simultaneously in urine. They detected a LOQ of 2.0 µg L−1 and
2.5 µg L−1 for MeHg and EtHg, respectively [41]. Ten urine samples were determined
using the proposed method and the results showed that arsenic and mercury were present
in urine as As(III), DMA, Hg(II), and MeHg, respectively (Table 6). Additionally, total
arsenic and total mercury in these samples were measured using the ICP-MS method. The
consistency (%) of the results, calculated as the ratio of the sum of the specific arsenic or
mercury species to the total concentration of these elements, ranged from 67.5 to 107.1 for
arsenic and 98.8 to 107.7 for mercury, respectively. Although the accuracy of the method
was confirmed through standard reference material measurements and spiking recovery
experiments, the consistency for some samples was below 80%. This discrepancy suggests
the presence of uneluted unknown arsenic species, affecting the lower consistency values.
However, the sum of the measured species generally aligned with the total arsenic or
mercury concentrations, further validating the method’s accuracy. Figure 5 shows the
chromatogram of arsenic and mercury species in urine sample 4.
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Table 6. Concentration of arsenic and mercury species in urine (µg L−1; n = 6).

Sample As(III) As(V) DMA MMA Hg(II) MeHg EtHg Total As Total Hg

1 2.49 ± 0.21 ND a 0.76 ± 0.02 ND ND ND ND 3.69 ± 0.06 ND
2 ND ND 43.9 ± 1.3 ND 0.32 ± 0.03 ND ND 41.0 ± 0.89 0.31 ± 0.02
3 ND ND 9.25 ± 0.54 ND ND ND ND 12.06 ± 0.21 ND
4 6.29 ± 0.11 ND 5.06 ± 0.19 ND ND 1.67 ± 0.05 ND 10.9 ± 0.07 1.49 ± 0.02
5 ND ND ND ND ND ND ND ND ND
6 3.76 ± 0.16 ND 64.2 ± 2.9 ND ND ND ND 69.7 ± 0.35 ND
7 ND ND 21.2 ± 1.6 ND ND ND ND 20.1 ± 0.11 ND
8 ND ND ND ND ND ND ND ND ND
9 ND ND 37.6 ± 1.1 ND ND ND ND 38.3 ± 0.24 ND
10 ND ND 46.1 ± 1.7 ND ND ND ND 44.2 ± 0.04 ND

Note: a ND indicates not detected.
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4. Conclusions
This study developed a novel analytical method using HPLC-ICP-MS for the simulta-

neous determination of arsenic and mercury species in urine. Isotopes of 75As and 202Hg
were specifically chosen for the analysis of arsenic and mercury, respectively. Separation
was achieved using a Hepu AR C18 column (250 × 4.6 mm). The method allowed for the
analysis of four arsenic and three mercury species within 15 min, employing a mobile
phase composed of Cys-NH4H2PO4 and TBAH. The spiking recoveries for the arsenic
species ranged from 87.0% to 110.3%, with intra-day and inter-day RSDs of 1.2–6.0% and
0.8–7.9%, respectively. For mercury species, spiking recoveries varied between 94.4% and
108.8%, with intra-day and inter-day RSDs of 1.1–4.3% and 4.1–9.2%, respectively. The
method demonstrates high accuracy and precision, proving highly effective for the analysis
of a large number of urine samples. As a result, it provides more reliable data for clinical
diagnosis, therapy, and for evaluating the efficacy of diagnostic and treatment methods.
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