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iable quantification of mercury in
occupational and environmental medical urine
samples by inductively coupled plasma mass
spectrometry

Martin Winter, * Frederik Lessmann† and Volker Harth

Over the last years, inductively coupled plasma mass spectrometry (ICP-MS) has been applied as a method

for human-biomonitoring of metals in the concentration range of occupational and environmental

medicine. In large scale routine monitoring, the determination of mercury (Hg) by ICP-MS remains

challenging due to several reasons. Amongst others, stability of dissolved Hg and avoiding memory

effects are the key facts for reliable quantification. To address these issues, we developed a robust

approach for biomonitoring of mercury in human urine samples by ICP-MS. Using a solution containing

HNO3, HCl and thiourea, prepared samples and calibrators were stabilized for up to 72 h. A rinse time of

only 30 seconds efficiently prevented contamination of consecutive samples with Hg concentrations up

to 30 mg L−1, hence significantly reducing acquisition times compared to published methods. Recovery

experiments revealed iridium as an ideal internal standard to compensate matrix effects independently

from creatinine concentration. Recoveries of 95.0–104.0% were obtained for Hg levels covering the

range of biomonitoring guidance values established by the German Human-Biomonitoring Commission.

Excellent intra-day precision and inter-day precision of #3.0% for two different Hg levels were achieved.

The detection and quantification limit accounted for 21.7 ng L−1 and 65.6 ng L−1, respectively, enabling

reliable quantification even in the range of environmental background exposures. Additionally, the

method was externally validated by successful participation in the inter-laboratory comparison program

G-EQUAS. With the developed method, we hence provide a sensitive and robust tool for mercury

exposure assessments in future large scale human-biomonitoring studies.
Introduction

Mercury (Hg) is an element with high toxicity occurring in the
environment and a variety of occupational settings.1,2 Due to its
ubiquity, humans are more or less constantly exposed to
mercury, whereby the extent of adverse health effects depends
on the chemical form as well as the dose and time span of
exposure.3,4 In environmental and occupational medicine, indi-
vidual exposure levels can be determined via human-
biomonitoring (HBM) by directly measuring Hg in biological
samples such as urine and blood. Whereas the latter contains
predominantly the organic form, urine contains principally only
inorganic mercury.5 Comparison of Hg amounts to health-
related guidance values like the HBM values established by the
German Human-Biomonitoring Commission or biomonitoring
dicine (ZfAM), University Medical Centre
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0–2038
equivalents allows robust risk assessment and sound medical
treatment if necessary.6

Over the last 20 years the application of inductively coupled
plasma mass spectrometry (ICP-MS) for element analysis in
large scale biomonitoring has increased,7–11 due to its
outstanding performance concerning linearity and sensitivity as
well as the simultaneous detection of several elements in
a single acquisition. In addition, sample preparation can oen
be carried out by a simple dilution step.

ICP-MS can be applied easily for many elements, but the
analysis of mercury remains challenging for several reasons.
The comparatively high rst ionization energy (IE = 10.44 eV)
causes that only about 4% of the injected Hg amount is
ionized,12 leading to reduced sensitivity in mass spectrometric
detection. Since mercury occurs naturally in seven isotopes, all
with relative abundances less than 30%, sensitivity is even more
compromised. Hg analysis is further affected by the element's
high volatility and affinity to adsorb to the surface of vessels and
sample introduction components, e.g. tubes or the nebulizer
chamber, resulting in low recovery rates and sample contami-
nation due to memory effects.
This journal is © The Royal Society of Chemistry 2023
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Whereas sensitivity issues can be compensated by modern
instruments, stabilizing mercury in urine samples is the major
goal to obtain reliable quantitative results. To address this
issue, several different sample preparation protocols have been
developed. Usually, samples are diluted 5–20 fold with nitric
and/or hydrochloric acid.13–20 In some protocols, certain
amounts of modiers like potassium dichromate, gold chloride,
ethylenediaminetetraacetic acid (EDTA), cysteine and thiourea
are added in various combinations to prevent volatilization and
adsorption.21–25 Nevertheless, extensive rinsing of the intro-
duction system aer each sample remains necessary to avoid
memory effects,15,22,24 leading to prolonged acquisition times.

Apart from element specic challenges, ICP-MS analysis is
generally susceptible to spectral and non-spectral interferences.
The latter is caused by differences in viscosity and contents of
total dissolved solid (TDS) between the sample matrix and
calibration standards, effecting the transportation and ioniza-
tion conditions in the plasma. In laboratory routine, the use of
internal standardization is oen preferred over standard addi-
tion methods to compensate for these effects, due to its rela-
tively simple and fast application. Though, the correct choice of
an internal standard (IS) might be difficult, since the isotopic
mass and/or ionization energy should be similar to the
analyte's.26–28 Furthermore, the IS must be of high purity and
free from spectral interferences.

In ICP-MS analysis spectral interferences are predominantly
caused by isobaric polyatomic species generated in the plasma
by numerous reactions between analytes, matrix components,
reagents used for sample preparation and the plasma gas.29

These interferences can be effectively minimized by application
of collision cell technology (CCT) and kinetic energy discrimi-
nation (KED) before introduction to the mass spectrometer. The
collision cell is lled with an inert gas (e.g. Helium), which
collides with ions traversing the cell. Due to a larger collision
cross section polyatomic species experience more collision
events than the corresponding analyte ions resulting in
different kinetic energies. A potential barrier between collision
cell and mass analyzer hampers ions moving more slowly from
entering the quadrupole (KED), hence reducing polyatomic
interferences.30

Albeit these challenges ICP-MS constitutes a promising tool
for Hg determination in urine samples as demonstrated in
previous studies. Developing a sample preparation method
capable of stabilizing dissolved Hg amounts efficiently will be
critical for reliable quantication. According to the literature,
using complexing agents seems to be suitable to avoid vapor-
ization and adsorption. Furthermore, Hg determination can be
expected to be compromised by spectral and non-spectral
interferences due to the variability and complexity of the
urine matrix. Combining modern technologies, e.g. CCT, and
the usage of internal standardization it might be possible to
compensate these matrix effects.

In this study, we developed a robust sample preparation
method for quantitative Hg analysis by ICP-MS in both occu-
pational and environmental medical urine samples. Since the
derivation of reference values for biomonitoring requires
investigating larger cohorts, long-term stability of mercury in
This journal is © The Royal Society of Chemistry 2023
prepared calibration standards and samples was a core aspect
in method development. In addition, the inuence of different
IS on the accuracy of Hg determination depending on the
urinary concentration was investigated.

Materials and methods
Chemicals

Nitric acid 67–69%, hydrochloric acid 32–35% (both ultrapure,
NORMATOM®) and thiourea ($99%, analytical reagent) were
purchased from VWR (Germany). Triton X-100 (molecular
biology grade) was obtained from Sigma Aldrich (Germany).
Standard solutions of bismuth (10 mg L−1; 2% HNO3), iridium
(100 mg L−1; 2% HCl), were bought from Fluka (Germany).
Standard solutions of terbium, yttrium, scandium (each
100 mg L−1; 2% HNO3) were purchased from VWR (Germany)
and a standard solution of mercury (10 g L−1; 5% HNO3) from
Alfa Aesar (Germany). All elemental solutions were of ICP-MS
grade. De-ionized water with >18 MU cm resistivity was
provided by an in-house Milli-Q® Reference system (Millipore,
USA) and was used for the preparation of all solutions, cali-
brators and samples. Helium gas and Argon (both 99.999%)
were purchased from Westfalen AG (Germany).

Samples

Commercially available ClinChek® urine control material for
trace elements was purchased from Recipe (Germany). Urine
samples in the occupational and environmental concentration
range were obtained from the inter-laboratory comparison
program German External Quality Assurance Scheme (G-
EQUAS) managed by the Institute for Occupational, Environ-
mental and Social Medicine (IPASUM) at the University
Erlangen-Nuremberg, Germany. For recovery experiments,
pooled urine samples were spiked with different amounts of
mercury in the range of the German reference and HBM values.

Sample preparation, calibration solutions and internal
standard

In the nal method, 500 mL urine were diluted 5 fold (nal
volume 2.5 mL) with diluent A (5% HNO3, 0.625% HCl, 0.25%
thiourea, w v−1) and incubated for 2 h at room temperature
while constantly shaking using an overhead shaker. Incubation
was conducted in 15 mL metal free polypropylene tubes sealed
with polyethylene screw caps (Carl Roth, Germany). The Hg
concentrations of calibration solutions were 0, 0.02, 0.05, 0.1,
0.5, 1, 5, 10 and 30 mg L−1 to obtain linear calibration curves
with an coefficient of determination (R2) $0.9999 (Fig. 1).
Calibrators were prepared by serial dilution of a 10 g L−1 stan-
dard solution with diluent A. To minimize physico-chemical
differences between calibrators and prepared samples, it was
necessary to account for the nal concentration of acids and
modier in the prepared solutions (4% HNO3, 0.5% HCl and
0.2% thiourea, w v−1). Hence, we added respective amounts of
the pre-diluted standard solution to 2 mL ultra-pure water and
lled up with diluent A to a nal volume of 10 mL. An internal
standard solution was prepared with a nal concentration of
Anal. Methods, 2023, 15, 2030–2038 | 2031
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Table 1 Overview of the ICP-MS operating conditions

Operating Conditions Values

Plasma
RF power 1550 W
RF matching 1.30 V
Sample depth 8 mm

Sample introduction
Nebulizer gas 1.07 L min−1

Nebulizer pump 0.1 rps
Spray chamber cooling
temperature

2 °C

Cell gas mode He
He owrate 5 mL min−1

Pump program
Sample uptake 27 s/0.5 rps
Stabilization 45 s/0.1 rps
Probe rinse 10 s/0.5 rps
Rinse 30 s/0.5 rps

Tubing
Sample 1.02 mm i.d
Internal standard 0.25 mm i.d

Spectral mode
Peak pattern 1 point
Replicates 3
Sweeps/Replicate 100
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800 mg L−1 for scandium (Sc), yttrium (Y), terbium (Tb), iridium
(Ir) and bismuth (Bi) in 4%HNO3 (w v−1) with 0.1% Triton-X 100
(v v−1). The solution was added online to all samples, blanks
and calibration standards. This method was used throughout
the study unless stated otherwise. For the investigation of Hg
stabilization, we additionally applied two other diluents B (5%
HNO3, 0.625% HCl, w v−1) and C (5% HNO3, w v−1).

Instrumentation

All experiments were performed using an Agilent 7800 ICP-MS
system equipped with SPS 4 autosampler (Agilent Technolo-
gies, Japan). Standard nickel sampler and skimmer cones were
used. The aerosol was formed in a Scott type spray chamber
(double pass, quartz) using a Micro Mist® nebulizer (U-series,
glass). Acquisition of the isotopes 201Hg, 45Sc, 89Y, 159Tb, 193Ir
and 209Bi was carried out by applying CCT (He mode, 5
mL min−1). Instrument tuning and performance check was
conducted according to the manufacturer's guidelines before
each measurement. Detailed information on the ICP-MS oper-
ating conditions are given in Table 1. All data were recorded and
processed with the Agilent MassHunter Workstation soware
(version 4.5).

Stabilization of Hg

Lyophilized ClinChek® (level I & level II) urine samples were
dissolved in 10 mL de-ionized water according to the manu-
facturer's instructions. Each sample material was 5 fold diluted
with diluent A, B and C (nal volume 5 mL). Incubation was
conducted for 2 h, 4 h and 24 h at room temperature as
described before. Aer the rst acquisition, samples and cali-
brators prepared with diluent A were stored unsealed at room
temperature in the autosampler unit for different periods: urine
samples = 24 h, 48 h and calibrators = 24 h, 48 h, 72 h. Reac-
quisition for each storage period was carried out against freshly
prepared calibration solutions.
Fig. 1 Calibration curve used for mercury analysis. Calibration solutions
with internal standardization.

2032 | Anal. Methods, 2023, 15, 2030–2038
Precision, limit of detection (LOD) and limit of quantication
(LOQ)

Lyophilized ClinChek® (level I & level II) urine samples were
reconstituted as described before (see Stabilization of Hg). For
intra-day precision (n = 10) 500 mL aliquots were freshly
prepared and for inter-day precision (n = 10) further aliquots
were stored at −20 °C in 15 mL metal free tubes until the day of
were prepared with diluent A. Acquisition was conducted in He mode

This journal is © The Royal Society of Chemistry 2023
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View Article Online
measurement (maximum storage = 31 days). Thawing was
conducted for approximately 15 min at ambient temperature
before preparation with diluent A. The LOD and LOQ were
calculated considering standard deviation of 10 blank samples,
measured directly aer the highest calibrator (30 mg L−1) on
different days, divided by the slope of calibration curve and
multiplied by 3.3 and 10, respectively, and then multiplied by
the dilution factor.31

Accuracy and evaluation of internal standardization

For recovery experiments human pool urine samples with
different creatinine levels were selected: 0.15, 0.42, 0.74, 0.94,
1.35, 1.75, 1.99, 2.45 and 3.22 g L−1. Hg solutions containing 10
mg L−1 (low), 100 mg L−1 (medium) and 500 mg L−1 (high) were
prepared by diluting a 10 g L−1 standard solution with diluent A.
For each urine sample 500 mL aliquots were spiked with 50 mL of
solution low, medium and high and lled up with diluent A to
a nal volume of 2.5 mL (5 fold dilution). The resulting Hg
concentrations for undiluted samples were 1, 10 and 50 mg L−1,
respectively. In order to correct recoveries for native Hg back-
grounds, each urine sample was also prepared and analyzed
without spiking any Hg (same nal volume of 2.5 mL). For
evaluation of internal standardization the recoveries obtained
by using 45Sc, 89Y, 159Tb, 193Ir and 209Bi as IS were compared.

Results and discussion
Selection of Hg isotope

Urine constitutes a complex matrix with variable composition,
hence increasing the risk of individual polyatomic interfer-
ences to occur. In order to minimize potential interferences
we generally applied the He mode in contrast to other
methods using No-Gas mode.3,32 The sensitivity of Hg analysis
is compromised by the element's high ionization energy and
the low abundance of its naturally occurring isotopes.
Therefore, it seems reasonable to measure the most abundant
isotopes 200Hg (23.10% abundance) or 202Hg (29.86%
Fig. 2 Comparison of recoveries obtained after 2 h, 4 h and 24 h incuba
fold diluted with diluent A, B and C. Recovery was determined based on

This journal is © The Royal Society of Chemistry 2023
abundance).16,21,24 Unfortunately, in occupational medicine
tungsten (W) can be a toxicologically relevant parameter
excreted via urine which causes polyatomic interferences for
both isotopes (184W16O and 186W16O) even in He mode.12

Lacking such interferences, we decided to use the isotope
201Hg (13.18% abundance) for all measurements. In order to
compensate for the loss of sensitivity due to the isotope's
lower abundance, the distance between torch and sample
cone was reduced. Changing the sampling depth from 10 mm
to 8 mm increased the counts per second rate by a factor of
about 1.5 (data not shown).
Stabilization of Hg

Determination of Hg in urine samples by ICP-MS is challenging
due to the element's high volatility and adsorption affinity.
Thus, stabilization of dissolved Hg is crucial in sample prepa-
ration to avoid poor recovery and memory effects.

In a rst set of experiments, we investigated the efficiency of
Hg stabilization in urine control samples (ClinChek® level I &
level II) for diluent A, B and C. Therefore, ICP-MS analysis was
conducted aer 2 h, 4 h and 24 h of incubation. The obtained
relative recoveries based on the manufacturer's specied mean
target value were 111.1–113.3% for level I and 110.0–110.6% for
level II when using diluent A (Fig. 2). Diluent B resulted in
recoveries of 27.5–41.0% for level I and 10.2–21.2% for level II.
When sample preparation was carried out using diluent C
recoveries of 37.5–56.6% and 19.7–23.6% were obtained for
level I and level II, respectively. The results revealed that only
diluent A is capable of stabilizing Hg effectively.

Kalamegham et al.24 stated in their study that the sole use of
nitric acid as diluent in mercury quantication proved useless
because of poor and erratic recoveries even for higher acid
concentrations. Since HNO3 is still used in more recent
studies,18,19 we investigated its application using diluent C and
conrmed the observations made by Kalamegham's work-
group. Interestingly, the addition of hydrochloric acid (diluent
B), which is commonly used to stabilize Hg by forming the
tion using different diluents. ClinChek® urine control samples were 5
the manufacturer's specified mean values.

Anal. Methods, 2023, 15, 2030–2038 | 2033
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Table 3 Overview of published rinse times used to avoid Hg memory
effects in ICP-MS analysis of urine samples

Workgroup Acids Additives Rinse time

Kalamegham et al.22 HCl EDTA, cysteine 180 s
Schramel et al.13 HNO3, HCl 120 s
Fong et al.20 HCl K2Cr2O7, tert-butanol 85 s
Winter et al. (this study) HNO3, HCl Thiourea 30 s
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soluble [HgCl4]
2− complex,33 had no impact on recovery.

Testing HCl concentrations up to 1% (w v−1) resulted in poor
recovery, too (data not shown). A possible explanation might
be that the investigated samples contain further elements
comparable to real study samples with co-occurring exposures.
Elements such as silver (Ag), gold (Au), platinum (Pt) and
palladium (Pd) might compete with Hg for chloride ions,
thereby hindering formation of the [HgCl4]

2−-complex. Using
HCl concentrations >1% (w v−1) might improve recoveries, but
would dramatically shorten the lifetime of the nickel cones
and was hence not investigated any further. Anyway, adding
thiourea (diluent A) instead enhanced the recovery signi-
cantly. This effect can be explained most likely by mercury's
strong thiophilic nature. The underlying high affinity for
sulfur might result in formation of a stable and soluble
mercury-thiourea-complex similarly to an ion chromatography
method for Hg determination in environmental matrices
developed by Shade and Hudson.34 Other sulfuric compounds
may be suitable as well, but preliminary tests using L-cysteine
for example, resulted in unsatisfactory recoveries (data not
shown). Hence, we identied thiourea as the ideal modier for
Hg determination in human urine. Furthermore, the obtained
data demonstrate that Hg was stabilized for at least 24 h, since
recovery did not decrease with increasing incubation times
(Fig. 2). This indicates the diluent's potential for the
Table 2 Comparison of recoveries obtained after different storage
periods in the autosampler. (a) ClinChek® urine control samples were
reacquired 24 h and 48 h after initial measurement. Recoveries were
determined based on the manufacture's specified mean values. (b)
Calibration solutions were reacquired 24 h, 48 h and 72 h after initial
measurement. Recoveries were determined based on the specified
calibrator concentrations

(a)

Incubation
time

Recovery [%] for storage time

Control
sample Initial 24 h 48 h

Level I 2 h 113.3 112.7 111.1
4 h 114.1 111.7 114.2
24 h 114.0 111.0 117.1

Level II 2 h 110.6 110.8 110.0
4 h 111.4 110.3 110.8
24 h 111.0 111.5 112.8

(b) Recovery [%] for storage time

Calibrator
[mg L−1] Initial 24 h 48 h 72 h

0.02 105.0 90.0 105.4 104.3
0.05 100.0 104.0 97.3 99.0
0.10 102.0 98.0 93.3 101.0
0.50 99.0 98.8 99.8 100.2
1.00 99.2 98.1 96.9 99.2
5.00 100.2 98.1 98.7 98.6
10.0 99.8 99.6 98.8 98.8
30.0 100.0 98.6 99.8 99.4

2034 | Anal. Methods, 2023, 15, 2030–2038
application in large scale studies, where long-term stability of
the target analyte is crucial.

During an acquisition, samples and calibrators are usually
stored unsealed in the autosampler unit once preparation is
completed. Whereas the rst samples are acquired aer a few
minutes, the last samples may be analyzed several hours later,
depending on the cohort's dimension. Thus, Hg volatilization
and/or adsorption during the storage may affect analysis.
Another important aspect is, that the instrument's performance
decreases with increasing runtime due tomatrix deposits on the
cones and lenses. This effect can be monitored by measuring
quality control (QC) samples aer every few samples. In case of
exceeding certain QC tolerance levels dened by the user, the
instrument needs to be recalibrated. Recalibration is usually
conducted by reacquisition of the solutions initially used for
calibration, especially in fully automated acquisition setups. In
order to obtain reliable results for all samples, it is hence
essential to ensure Hg stabilization over time.

Accordingly, long-term stability of Hg was investigated for
both the calibration solutions and urine samples using diluent
A. Analyzed samples and calibrators of the previous experiment
were reacquired aer different storage periods against freshly
prepared calibration solutions, hence simulating conditions of
large cohort measurements. Recoveries of 111.0–117.1% were
obtained for ClinChek® level I samples, 110.0–112.8% for level
II and 90.0–105.4% for the calibrators without observing any
trends for the different storage periods (Table 2). Our results
demonstrate, that diluent A is capable of preserving urine
samples for at least 48 h and calibration solutions for 72 h,
hence paving the way for large scale measurements without
alteration of mercury levels over time. Interestingly, stabiliza-
tion of Hg was achieved without the use of carcinogenic
dichromate22 or gold.21,25 Since the latter is known to possess
adsorption affinities similar to Hg,35 the developed method may
Table 4 Intra-day and inter-day precision of the presented method

Urine control sample

Level I Level II

Intra-day (n = 10)
Mean conc. [mg L−1] 2.31 15.8
RSD [%] 0.8 0.9
Inter-day (n = 10)
Mean conc. [mg L−1] 2.30 15.8
RSD [%] 2.6 3.0

This journal is © The Royal Society of Chemistry 2023
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allow the simultaneous quantication of both elements. This
might help to shed further light into the health risks of expo-
sures associated with electronic waste,36 but needs to be inves-
tigated in future studies.
Memory effect

The memory effect is a well-known issue affecting Hg deter-
mination by ICP-MS. In order to avoid contamination of
consecutive samples, the introduction system needs to be
rinsed thoroughly aer each sample. Published rinse times
range from 85 s to 180 s and seem to depend on the applied
rinse solution (Table 3). In our study we investigated the
memory effect using diluent A as rinse solution. Therefore,
blanks (n = 10, each on a different day) were measured directly
aer the 30 mg L−1 calibrator which conforms a relatively high
Hg concentration expected in 5 fold diluted human urine
samples. Rinsing the introduction system for 30 s resulted in
estimated Hg concentrations #12.2 ng L−1 for the blank
material. Since the measured amounts were below the LOD
(see following section), the acquisition is not affected by any
memory effect. In addition, the rinse time was reduced at least
by a factor of 3 compared to published rinse times (Table 3),
hence improving sample throughput. Generally, increasing
the acquisition speed lowers the analytical costs due to
reduced solvent and gas consumption.
Precision, LOD and LOQ

The precision of the presented analytical method was evaluated
by measuring ClinChek® urine control samples (level I & level
II). Intra-day precision was determined by measuring freshly
prepared aliquots of both levels and resulted in 0.8% and 0.9%
for level I and level II, respectively (Table 4). Inter-day precision
was determined over a time span of 31 days and resulted in
2.6% for level I and 3.0% for level II. Interestingly, in contrast to
the manufacturer's recommendation to only use freshly
prepared control samples, we were able to use frozen aliquots
from a single ClinChek® solution without any loss of mercury,
hence lowering the material costs. The LOD and LOQ were
Table 5 Recovery of mercury in pooled urine samples with different cre
amounts and after correction for native Hg amounts. Data were obtain
internal standard. Spiking levels: low = 1 mg L−1, medium = 10 mg L−1, h

Creatinine
[g L−1]

Native Hg
[mg L−1]

Measured Hg [mg L−1]

Low Medium

0.15 0.01 1.02 10.29
0.42 0.02 0.98 10.15
0.74 0.33 1.35 10.48
0.94 0.09 1.08 10.07
1.35 0.06 1.01 10.14
1.75 0.17 1.15 10.24
1.99 0.09 1.13 10.22
2.45 1.87 2.87 12.09
3.22 0.15 1.13 10.12

This journal is © The Royal Society of Chemistry 2023
calculated to be 21.7 ng L−1 and 65.6 ng L−1, respectively. Thus
the presented method will not only allow Hg quantication of
occupational medical samples, but also in the range of German
median environmental medical background levels (approxi-
mately 0.2 mg L−1).37
Accuracy and evaluation of internal standardization

ICP-MS analysis is commonly affected by the sample matrix,
due to different physico-chemical properties compared to
solvent-based calibrators. Urine constitutes a complex sample
matrix containing several different compounds, e.g. proteins,
metabolites, urea, bicarbonate, sodium, potassium and chlo-
ride. In addition, the composition and concentration can vary,
amongst others depending on the patient's diet. Thus, each
sample consists of an individual matrix impacting quantica-
tion. Albeit frequently discussed limitations,38,39 urinary creati-
nine is a biomarker used as an estimate to account for
concentration of urine samples in human-biomonitoring.
According to guidelines of the World Health Organization
(WHO) 0.3–3.0 g L−1 creatinine is recommended to perform
toxicological evaluations in the eld of occupational medicine.40

The German Human-Biomonitoring Commission recommends
an even narrower range of 0.5–2.5 g L−1 for environmental
biomonitoring studies.41

To account for varying urinary concentrations (going along
with differing matrix effects), pooled urine samples with 0.15–
3.22 g L−1 creatinine were selected for recovery experiments.
Samples were spiked with three levels of Hg (low = 1 mg L−1,
medium = 10 mg L−1, high = 50 mg L−1), covering the range of
relevant guidance values (German reference value = 1 mg L−1,
HBM-I = 7 mg L−1, HBM-II = 25 mg L−1).42–44 Independently of
the creatinine content, recoveries of 95.0–104.0% were obtained
for all spiking levels (Table 5).

Since recoveries did not correlate with the urinary creatinine
content, the results indicate that non-spectral interferences
were effectively compensated by using 193Ir as internal stan-
dard. This was further supported when recoveries were
compared to the corresponding values obtained without
internal standardization (Fig. 3), where recovery decreased with
atinine amounts. Recoveries were determined based on the spiked Hg
ed by ICP-MS analysis of the 201Hg isotope in He mode using 193Ir as
igh = 50 mg L−1

Recovery [%]

High Low Medium High

51.26 101.0 102.8 102.5
50.63 96.0 101.3 101.2
50.70 102.0 101.5 100.7
49.96 99.0 99.8 99.7
49.68 95.0 100.8 99.2
50.42 98.0 100.7 100.5
49.80 104.0 101.3 99.4
51.89 100.0 102.2 100.0
49.54 98.0 99.7 98.8
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Fig. 3 Recovery of mercury in pooled urine samples as function of creatinine concentration. Recoveries were determined based on the spiked
Hg amounts and were corrected for native Hg. Data were obtained by ICP-MS analysis of the 201Hg isotope in He mode simultaneously using
45Sc, 89Y, 159Tb, 193Ir and 209Bi as internal standard or without internal standard. Samples were spiked with Hg to obtain final concentrations of (a)
1 mg L−1, (b) 10 mg L−1 and (c) 50 mg L−1.

2036 | Anal. Methods, 2023, 15, 2030–2038 This journal is © The Royal Society of Chemistry 2023
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Table 6 External quality assurance scheme information for Hg amounts in the occupational and environmental concentration range analyzed by
ICP-MS

EQUAS material Level Round Target [mg L−1] Measured [mg L−1] Recovery [%] Tolerance [mg L−1]

Occupational Low No 66 6.6 6.4 97.0 4.5–8.7
No 67 4.0 3.2 80.0 2.8–5.2
No 68 4.8 4.7 97.9 3.3–6.3

High No 66 14.2 13.3 93.7 10.6–17.8
No 67 29.9 31.4 105.0 23.3–36.5
No 68 17.1 16.3 95.3 12.9–21.3

Environmental Low No 66 0.46 0.39 84.8 0.22–0.70
No 67 0.28 0.22 78.6 0.13–0.43
No 68 0.10 0.09 90.0 0.04–0.16

High No 66 1.16 1.11 95.7 0.77–1.55
No 67 0.74 0.73 98.6 0.50–0.98
No 68 0.39 0.39 100.0 0.24–0.54
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increasing amounts of creatinine for all three spiking levels.
The criteria for selecting the ideal IS for ICP-MS analysis are
being discussed divergently: some authors recommended
choosing the IS based on similar isotopic masses,28 whereas
others reported that both similarities of the isotopic mass and
the rst ionization energy are crucial.26,27 Therefore, we addi-
tionally evaluated the efficiency of 45Sc (IE = 6.54 eV), 89Y (IE =

6.38 eV), 159Tb (IE = 5.85 eV) and 209Bi (IE = 7.29 eV) to correct
for matrix effects. The graphics in Fig. 3 illustrate that for the
four elements, Hg recovery correlated with the urinary creati-
nine content similarly to the data without IS correction. In
general, recoveries improved with increasing isotopic mass of
the IS. For 209Bi, recoveries even close to 193Ir (IE= 9.10 eV) were
obtained, but were not consistent for the investigated creatinine
range. This can be explained by the elements' differing ioniza-
tion energies, whereby the IE of 193Ir is closer to the IE of 201Hg
(IE = 10.44 eV), hence supporting the theory that isotopic
masses as well as ionization energy similar to the analyte are
essential for selecting the ideal IS. Another aspect contradicting
the application of 209Bi as an internal standard in human-
biomonitoring is, that urine samples might be contaminated
with bismuth due to medication with bismuth subsalicylate
prior to sampling (e.g. used in “Pepto-Bismol®”, an over-the
counter-drug commonly used in the United States and other
countries to treat nausea, heartburn and diarrhea). The results
demonstrate that only internal standardization with 193Ir allows
reliable and robust quantication of Hg in the range of relevant
guidance values regardless of the urinary concentration (Fig. 3).
External quality assurance

For external quality control, the developed method was used to
participate in the German External Quality Assurance Schemes
(G-EQUAS) organized by the University of Erlangen-Nuremberg
(EQUAS round no. 66, no. 67 and no. 68). The urine samples in
G-EQUAS cover Hg amounts in the occupational and environ-
mental medical concentration range. Applying the ICP-MS
method developed in this study resulted in recoveries of 78.6–
105.0%, hence fullling the required accuracies (Table 6). This
demonstrates the method's performance as well as the potential
This journal is © The Royal Society of Chemistry 2023
to obtain reliable results even below the current German refer-
ence value (1 mg L−1).
Conclusion

In this study we developed a sensitive and robust method for the
quantication of Hg in urine samples by ICP-MS, using
a specic mixture of nitric acid, hydrochloric acid and thiourea
as diluent and rinse solution. Iridium was identied as an ideal
IS to compensate for matrix effects independent from urinary
concentration. Samples and calibrators are stable over several
hours allowing large scale measurements without any loss of
mercury, hence paving the way for fully automated acquisitions.
Albeit avoiding carcinogenic modiers such as dichromate, the
rinse time could be reduced without observing any memory
effect, thereby improving safety, shortening acquisition time
and saving resources. In addition, quantication of other highly
adsorptive elements, e.g. gold, might be realized by applying the
presented sample preparation. However, further studies are
required to verify whether this approach can be extended to
simultaneous determination of other toxicologically relevant
elements in urine samples. Overall, our results demonstrate the
method's ability to obtain reliable results in the occupational as
well as the environmental medical concentration range. The
developed method can hence be applied in future large scale
human-biomonitoring studies as a robust tool for individual Hg
exposure assessments.
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