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Abstract: Advances in nanotechnology have led to an increased use of engineered nanoparticles
(ENPs) and the likelihood for occupational exposures. However, how to assess such exposure
remains a challenge. In this study, a methodology for human biomonitoring, based on Single Particle
Inductively Coupled Plasma Mass Spectrometry (SP-ICP-MS), was developed as a tool to assess
the ENPs exposure of workers involved in nanomaterial activities in two Italian Companies. The
method was validated for size and number concentration determination of Ag, Au, In,Os, Ir, Pd,
Pt, and TiO; NPs in urine and blood samples. The results showed the presence of InyO3 NPs in
blood of exposed workers (mean, 38 nm and 10,371 particles/mL), but not in blood of controls. Silver,
Au, and TiO, NPs were found in urine (mean, Ag 29 nm and 16,568 particles/mL) or blood (mean,
Au 15 nm and 126,635 particles/mL; TiO, 84 nm and 27,705 particles/mL) of workers, though these
NPs were found also in controls. The presence of ENPs in both workers and controls suggested that
the extra-professional exposure is a source of ENPs that cannot be disregarded. Iridium, Pd, and Pt
NPs were not detected neither in blood nor in urine. Overall, the findings provided a rational basis to
evaluate the exposure assessment to ENPs in cohorts of workers as part of risk assessment and risk

management processes in workplaces.

Keywords: nanomaterials; exposure assessment; biological monitoring; biomarkers; risk assessment;

risk management

1. Introduction

The nanotechnology, intended as a system of innovative methods to control and
manipulate matter at near-atomic scale to produce new materials, structures, and devices [1],
is driving promising advances in science, industry and commerce [2]. The increasing
worldwide use of engineered nanoparticles (ENPs) in products is inevitably resulting in
enhanced exposure of both consumers and workers [3]. The latter are being potentially
exposed in research laboratories, start-up companies, production facilities, and operations
where NPs are processed, used, disposed or recycled [1].

However, despite the extensive production and use of nano-products, our knowl-
edge concerning NPs health and safety issues is still in a developing phase, and also the
assessment of risks derived from NPs exposure remains a challenging task [4]. This is
related to the difficulties in characterizing NPs potential hazards due to their various
physico-chemical properties, as well as in assessing exposure levels through both environ-
mental and human biological monitoring (HBM) measures. Concerning this latter aspect,
although HBM is a suitable means to achieve an appropriate evaluation of the “personal”
exposure experienced by workers, no instances or regulatory requirements for its routinely
application in occupational settings have been developed.
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Concerning the internal doses addressed in NPs occupationally exposed subjects
through HBM, preliminary and fragmented data are available. Previous studies were
based on the determination of total metal content (dissolved plus nanoforms) in blood
and urine of workers who manufactured Ag, In, and Mo nanomaterials [5,6]. Only one
study demonstrated an increased Ti concentration and the presence of >100 nm sized
TiO,-crystals in the exhaled breath condensate (EBC) samples collected from TiO, NPs
production workers [7]. In the same population, urinary Ti concentrations were under the
limit of quantification and no crystals could be detected. Additionally, in airport employees,
operating on the apron, nearby airplane parking positions, and exposed via inhalation to
incidental ultrafine particles generated by jet engines a sparse population of ca. 500 nm
sized particles in the EBC samples were determined and concentrations of metals as Al, Cd,
and Cr were detected in 19%, 22%, and 79% of all subjects, respectively [8]. More recently,
our group developed an analytical protocol using the Single Particle-Inductively Coupled
Plasma Mass Spectrometry (SP-ICP-MS) to determine the metal-oxide NPs in various HBM
matrices—as EBC, plasma, and urine—of welders exposed to incidental ultrafine particles
emitted during welding operations [9]. We could demonstrate significantly higher median
Cr,O3 NPs concentration in the EBC compared to the plasma samples of welders, with a
significant difference between pre- and post-shift samples, these latter showing significantly
higher levels.

Based on the experience and knowledge gained during our first study, the present
investigation explores the potential applicability of the SP-ICP-MS technique for the HBM
of workers exposed to ENPs in different exposure scenarios. In particular, we assessed,
through biological monitoring analyses, the exposure to ENPs in a selected sample of
workers engaged in a nanotechnology research laboratory (Company A) and in workers of
a chemical facility where colloidal NPs of polyvinylpyrrolidone (PVP)-Pt are synthesized
and precious metals at the nanoscale are used for the production of catalytic converters
(Company B). Overall, this may provide interesting guidance to future investigations aimed
to achieve knowledge advances able to inform suitable risk assessment and management
procedures in ENPs-related occupations.

2. Materials and Methods
2.1. Population Recruitment, Biological Samples Collection and Preparation

Workers employed in Company A and B for at least 6 months and involved in nano-
material related activities were considered eligible to be enrolled in the study. Employees
from the same companies, but not involved in nanomaterial related tasks, were considered
suitable to be included as unexposed controls. The sample population recruitment was
performed on a voluntary basis from February to March 2019 and all the employees were
required to provide written informed consent to participate in the study. Only workers
affected by acute or chronic diseases potentially interfering with HBM results or unwilling
to provide consent were excluded from the research. A screening form was employed to
obtain information on the length of employment, administrative work organization, char-
acteristics of the performed tasks, as well as collective and individual preventive measures
adopted. The study protocol was reviewed and approved by the Ethics Committee of the
Istituto Superiore di Sanita, Rome, Italy (Prot. PRE 99/18).

Urine and blood samples from workers of the two different companies were collected
during one working week. Urine samples from exposed employees were sampled at the
beginning and at the end of the shift of 4 workweek days (1st-4th day) and collected in
high density 100 mL polyethylene bottles (Kartell, Milan, Italy) previously decontaminated
with 10% ultrapure HNO3 (Normatom, Leuven, Belgium). Approximately 6 mL of blood
were collected from each worker at the end of the working week (4th day). The blood
withdrawal was carried out using metal free containers (K-EDTA vacutainer BD tubes;
Becton Dickinson Labware, Franklin Lakes, NJ, USA) and metal free needles (Becton
Dickinson Labware) to reduce the risk of metal contamination. Biological samples were
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immediately stored at —20 °C until analysis. Controls provided samples at the same time
points of exposed workers.

Urine and blood samples were thawed at room temperature and shaken before use.
Then, one mL of urine was diluted 1:10 with ultrapure deionized water (Milli-Q Element,
Bedford, MA, USA). One mL of blood was subjected to alkaline extraction with the addition
of 3.5 mL of 25% v/v tetramethylammonium hydroxide (TMAH) (Sigma-Aldrich, St. Louis,
MO, USA); the sample was then sonicated for 1 h in an ice-cooled water bath and left for
24 h at room temperature. At full extraction, 0.5 mL of a 0.1% v/v Triton-X solution (Alfa
Aesar, Ward Hill, MA, USA) was added [10]. Blank samples (ultrapure deionized water or
TMAH water solution) were prepared following the same procedure as samples.

2.2. Certified NPs Reference Standards

The following metal-based NPs certified references standards (nominal size; concentra-
tion) were used for this study: Ag (40 nm; 0.02 mg/mL), Au (60 nm; 1.9 x 10'° particles/mL)
and TiO; (<100 nm; 480-520 mg/mL) were purchased from Sigma-Aldrich; while In,O3
(20-70 nm; 200 mg/mL), Ir (15 nm; 1 mg/mL), Pd (15 nm; 1 mg/mL) and Pt (15 nm;
1 mg/mL) from US Research Nano-materials Inc. (Houston, TX, USA). Each standard
was progressively diluted with ultrapure deionized water. After each dilution step, the
suspensions of NPs standards were stirred on vortex for 1 min and sonicated for 10 min
using an ultrasonic ice-cooled water bath to ensure the homogeneous dispersion of NPs
and prevent any agglomerated particle clusters. These standard suspensions were spiked
to pooled urine and blood samples to build the calibration curves and validate the whole
analytical procedure.

2.3. SP-ICP-MS Analysis of NPs

Biological samples were analyzed by the iCAP Q inductively Coupled Plasma Mass
Spectrometry (ICP-MS) in Single Particle (SP) mode (Thermo Fisher, Bremen, Germany) to
detect the exposure of workers and controls to NPs of metals. The instrumental and method
parameters used are reported in Table 1. To calculate the sensitivity of the ICP-MS system,
single-element stock solutions were used (CPAChem, C.P.A. Ltd., Stara Zagora, Bulgaria)
at the analytical concentration of 1 pug/L. To evaluate the transport efficiency of the ICP-MS
sample introduction system replicated measurements were performed on Au NP reference
standard at nominal size of 60 nm and concentration of 19,000 particles/mL [10-13]. The
isotopes 107Ag, 197 A, 1151n, 1931y, 106pd, 195Pt, and 4’ Ti were used for quantification; a
dwell time of 5 msec and an analysis time of 60 s per sample were applied. The SP-ICP-
MS allows to distinguish between the dissolved metals (background) and the metals in
nanoform that appeared as signals (spikes) in the raw data. Each spike represents the single
NP and the number of spikes per minute is proportional to the number of particles/mL,
whilst the intensity of spikes in counts per second (cps) informs on the size of particles
(in nm). The raw data were then converted in the particle size distribution (PSD) with
the knowledge of the metal or metal-oxide density and by assuming the spherical form
of particles. Mean particle diameter (in nm), particle size distribution (PSD in nm), and
particle number concentration (as particles/mL) were generated by the Thermo Scientific™
Qtegra software.

The results of ENPs in urine are reported as mean values =+ standard deviation (SD) of
the diameter in nm, particle number in particles/mL and concentration in ng/mL detected
in pre-shift and post-shift samples of 4 workweek days (1st—4th day). The results in blood
are reported as mean values + standard deviation (SD) of the diameter in nm, particle
number in particles/mL and concentration in ng/mL detected at the end of working week
(4th day).
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Table 1. Single Particle-Inductively Coupled Plasma-Mass Spectrometry (SP-ICP-MS) method parameters.

Instrument ICAP-Q (Thermo Fisher)
Nebulizer Quartz concentric

Spray chamber Quartz cyclonic

RF power (W) 1400
Nebulizer gas flow (L/min) 1.02-1.06

Isotopes 107 Ag 197 Ay, 115Tn, 19211, 106Pd, 195Pt, 47Ti
Sample uptake rate (mL/min) 0.30
Acquisition mode, time (s) Q-Cell in KED (4.8 mL/min He), 60
Transport efficiency (%) 4.5
Dwell time (msec) 5

Au, 19.3; Ag, 10.5; Iny O3, 7.18; Ir, 22.4; Pd, 12.0; Pt,
21.4; TiO,, 4.23
Mass fraction (%) Au, 100; Ag, 100; In, 83; Ir, 100; Pd, 100; Pt, 100; Ti, 60

Density (g/cm3)

2.4. Method Validation

The SP-ICP-MS method was validated according to the ISO/IEC 17025:2017 guide-
line [14]. Based on this standard, linearity, limit of detection (LoD), repeatability, and
recovery must be determined. In particular, the standard addition procedure was used for
calibration by adding known amounts of certified NPs in pooled urine and blood samples
and the linearity range was expressed as the R? of the calibration curves. The calibration
curves allowed also to extrapolate the concentration of NPs (ng/mL or particles/mL for
Au) in the samples of exposed workers and controls. To this end, pooled urine and blood
samples were spiked with the following increasing concentrations of certified NPs reference
standards: Ag 40 nm: 0.01, 0.05 and 0.1 ng/mL; Pt 15nm: 0.1, 0.5 and 1.0 ng/mL; Pd 15 nm,
InyO3 20-70 nm, Ir 15 nm, and TiO; < 100 nm: 1, 5 and 10 ng/mL; and Au 60 nm: 9500,
19,000 and 38,000 particles/mL.

The LoD in diameter (nm) was automatically generated by the software, but the
minimum detectable size experimentally observed in the obtained PSDs was also evaluated
for comparison. The LoD in concentration was calculated with the 3o threshold criteria on
5 different measurements of matrices.

To calculate recovery and repeatability on both particle concentration and diame-
ter the following spikes in each matrix were used: Ag 40 nm: 0.05ng/mL; Pt 15 nm:
0.5 ng/mL; InpO3 20-70 nm, Ir 15 nm, Pd 15 nm, and TiO; < 100 nm: 5 ng/mL; and Au
60 nm: 19,000 particles/mL. Recovery on concentration was assessed by comparing the
particles/mL observed in matrix analysis and the particles/mL observed in blank analysis.
Recovery on size was assessed by the ratio between the size certified by the supplier and
that found by the SP-ICP-MS analysis. Repeatability was expressed as the relative standard
deviation (RSD%) of five repeated measurements of matrices over the SP-ICP-MS sequence.

3. Results
3.1. Investigated Population

The study population comprised three workers from the Company A (two males and
one female) and three workers from Company B (2 males and 1 female). Workers from the
Company A were researchers involved in the growth of InAs semiconductor nanostructures
by chemical beam epitaxy (CBE) technique, using organometallic pre-cursors. In some
cases, the growth was catalyzed by Au NPs. The mean (£5SD) length of employment in
workers of Company A was 4.3 £ 1.5 years and shift-works lasted from a minimum of
6 h to a maximum of 8, with work 5 days a week. In Company B, workers synthesized
colloidal NPs of polyvinylpyrrolidone (PVP)-Pt in the presence of ascorbic acid (reducing
agent). In the same Company precious metals as Ir, Pd, and Pt were used for the production
of catalytic converters. Length of employment resulted in a mean £ SD of 8 &+ 3.6 years,
with shift-works lasting from 4 to 8 h, for 5 days a week. In both companies, the collective
and personal protective equipment (PPE) routinely used included the following: chemical
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fume hood, chemical protective clothing and goggles; disposable gloves; facial mask class
FFP3. Two male administrative workers from the Company A were enrolled as unexposed
controls. They had been working in such Company for a mean £ SD of 14 £ 8.4 years, for
8 h a day, 5 days a week.

3.2. SP-ICP-MS Method Validation Performances in Urine and Blood

Figure 1 shows the linearity ranges expressed as the R? values (0.990-0.998) between
the theoretical particle concentrations and the number of particles measured by SP-ICP-
MS. The SP-ICP-MS validation parameters in urine and blood are reported in Table 2.
The LoD in concentration (ng/mL) in urine and blood, respectively, were as follows: Ag,
0.001 and 0.001; In,O3, 0.36 and 0.40; Ir, 0.76 and 1.02; Pd, 0.33 and 0.68; Pt, 0.07 and 0.13;
TiO,, 0.28 and 0.81. The LoD for Au was 1063 particles/mL in urine and 1332 particles/mL
in blood. The LoD in size (nm) in urine and blood, respectively, were as follows: Ag,
12 and 15; Au, 8 and 11; In;O3, 12 and 17; Ir, 7 and 8; Pd, 24 and 26; Pt, 16 and 17; TiO,,
45 and 50. Number particles recoveries were in the range 80-108% in urine and 87-106% in
blood. The repeatability on particle concentration and diameter was lower than 8.7% in
urine and 8.4% in blood.

Table 2. Single Particle-Inductively Coupled Plasma-Mass Spectrometry (SP-ICP-MS) validation study.

Metal NPs Parameter (n = 5) Urine Blood
Concentration LoD (ng/mL) 0.001 0.001
A Particle concentration spike recovery (%) 80.1 97.1
g 40 nm . . . A
0.05 ng/mL Particle concentration spike repeatability (%) 04 1.1
' Size LoD (nm) 121 15.2
Found diameter (nm) (RSD%) 32.9 (2.5) 33.2(0.8)
Concentration LoD (particles/mL) 1063 1332
A Particle concentration spike recovery (%) 105.0 103.6
u 60 nm . . . A
19,000 particles/mL Particle concentration spike repeatability (%) 4.5 5.1
! Size LoD (nm) 8.1 11.0
Found diameter (nm) (RSD%) 66.1 (1.2) 72.0 (0.8)
Concentration LoD (ng/mL) 0.36 0.40
InyO3 20-70 nm Pal.rtlcle Concentrailtlon splke Recove.ry (%) 98.9 100.6
5.0 ng/mL Particle concentration spike repeatability (%) 3.9 3.3
Vg Size LoD (nm) 12.3 17.1
Found diameter (nm) (RSD%) 42.8 (8.7) 45.4 (4.6)
Concentration LoD (ng/mL) 0.76 1.02
Particle concentration spike recovery (%) 98.7 96.5
Ir 15 nm . . . e o
5.0 ng/mL Particle concentration spike repeatability (%) 3.0 4.3
’ Size LoD (nm) 6.6 7.8
Found diameter (nm) (RSD%) 27.7 (8.2) 30.8 (8.4)
Concentration LoD (ng/mL) 0.33 0.68
Particle concentration spike recovery (%) 108.4 87.0
Pd 15 nm . . . A
5.0 ng/mL Particle concentration spike repeatability (%) 3.6 4.2
’ Size LoD (nm) 23.8 25.9
Found diameter (nm) (RSD%) 329 (1.2) 354 (2.1)
Concentration LoD (ng/mL) 0.07 0.13
Particle concentration spike recovery (%) 83.6 105.8
Pt 15 nm . . . 4
0.5 ng/mL Particle concentration spike repeatability (%) 3.3 6.0
08 Size LoD (nm) 16.1 17.3
Found diameter (nm) (RSD%) 17.5 (7.0) 19.5 (5.7)
Concentration LoD (ng/mL) 0.28 0.81
TiO, < 100 nm Pa_rtlcle concentr‘ahon s:.plke recovery (%()) 99.3 99.1
5.0 ng/mL Particle concentration spike repeatability (%) 14 1.6
' Size LoD (nm) 45.2 50.2

Found diameter (nm) (RSD%) 89.6 (2.8) 85.5 (4.6)
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Figure 1. Calibration curves and linear dependence between particles/mL and theoretical concentra-
tions of metal nanoparticles (NPs) reference standard: (a) Ag, 40 nm; (b) Au, 60 nm; (c) InpO3, 20-70
nm; (d) Ir, 15 nm; (e) Pd, 15 nm; (f) Pt, 15 nm; (g) TiO; < 100 nm.
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3.3. Size and Concentration of Metal NPs in Urine and Blood

Urine and blood of three workers from the Company A, three workers from the Com-
pany B and two administrative workers as controls from the Company A were analysed by
the validated SP-ICP-MS method.

Table 3 reports the results of the analysis of ENPs in urine of workers and controls at
pre-shift (1st—4th day, mean + SD) and post-shift (1st—4th day, mean + SD). One worker
from Company A (no. 3) showed Ag NPs in urine both at pre- and post-shift with mean
diameter of ca. 29 nm and mean number of particles of 19,180 particles/mL (0.012 ng/mL)
at pre-shift and 13,955 particles/mL (0.009 ng/mL) at post-shift. No NPs of Au, In,O3, Ir,
Pd, Pt, and TiO, were found in any exposed worker of either Company A or Company B. In
controls, NPs of Ag were found with diameter of ca. 29 nm and mean number of particles
of 7680 particles/mL 0.006 ng/mL) at pre-shift and 6630 particles/mL (0.006 ng/mL) at
post-shift for one subject (no. 7) and 12,215 particles/mL (0.008 ng/mL) at pre-shift and
10,470 particles/mL (0.007 ng/mL) at post-shift for another subject (no. 8).

Table 3. Analysis of metal nanoparticles (NPs) in urine of workers from Company A (no. 1-3),
Company B (no. 4-6) and controls (no. 7-8), at pre-shift (1st—4th day, mean) and at post-shift
(1st—4th day, mean).

Workers no.

Metal NPs

Diameter + SD Number of particles = SD Concentration + SD

(Company) (nm) (Particles/mL) (ng/mL)
Pre-Shift Post-Shift Pre-Shift Post-Shift Pre-Shift Post-Shift
Ag 1-2 (A) nd nd nd nd Nd nd
3(A) 292 +29 294 +25 19,180 9921 13,955 4+ 4608 0.012 £ 0.005  0.009 + 0.002
Au,In, Pt, Ti 1-3 (A) nd nd nd nd nd nd
Ir, Pd, Pt 4-6 (B) nd nd nd nd nd nd
Metal NPs Controls no. Diameter + SD Number of'Partlcles + SD Concentration & SD
(nm) (Particles/mL) (ng/mL)
Pre-Shift Post-Shift Pre-Shift Post-Shift Pre-Shift Post-Shift
Ag 7 289+ 1.9 284 +25 7680 + 12,327 6630 4087  0.006 = 0.006  0.006 = 0.002
8 28.6 + 2.1 282+ 2.6 12,215+ 4916 104704+ 396  0.008 £+ 0.002  0.007 £ 0.002
Au, In, Ir, Pd, 7-8 nd nd nd nd nd nd

Pt, Ti

nd, not detected; SD, standard deviation.

The raw data and PSD are reported in Figures 2 and 3 for urine and blood, respectively.
In these figures, when ENPs are present in samples, discontinuous signals in the form of
spikes appeared in the raw data. Each spike represents the signal from a single NP. The
number of spikes per min is proportional to the number of particles per mL, whilst the
intensity (i.e., the height) of spikes (in cps) is proportional to the size of particles (in nm).
So, the spikes with higher height in the raw data originated from bigger particles. Then,
the particle signals are plotted in a PSD that represents the percentage of particles of a
certain size present in samples. The maximum of the PSD indicates the most frequently
detected size.

Figure 2 shows the raw data and PSD of Ag NPs in urine of the worker (no. 3) from
Company A during the working week analysed. In particular, the particle raw data and
PSD at pre- (Figure 2a) and at post-shift (Figure 2b) of the first day of working week, at
post-shift of the last day of working week (Figure 2c) and an example of raw data and
PSD in a control subject (Figure 2d) are depicted. A time-dependent urine excretion of
Ag NPs during the work week was reported for the worker (no. 3) from Company A as
reported in Figure 4. The results of the analysis of metal NPs in blood of workers from
Company A and B and controls, at the end of working week (4th day), are reported in
Table 4. The Au NPs were observed in all the workers of Company A and in all controls
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with a comparable diameter of 15 nm and number of particles ranging from 62,794 to
251,177 particles/mL for workers and from 95,838 to 10,989 particles/mL for controls. In
addition, TiO, NPs were detected both in workers and controls, with a size between 82 nm
and 90 nm and number of particles between 14,334 particles/mL and 49,092 particles/mL
(1.65-4.90 ng/mL). The NPs of InpO3; were detected only in two workers from Company A
(no. 2 and 3) and not in the control group. The size measured was ca. 38 nm and number
of particles was 14,020 particles/mL (1.00 ng/mL) and 6722 particles/mL (0.41 ng/mL).
No NPs were detected in blood of workers from Company B. Figure 3 reports the raw
data and PSD for Au NPs (Figure 3a), In,O3 NPs (Figure 3b) and TiO, NPs (Figure 3c,d)
detected in blood of workers and controls at the end of week. Figure 5 summarizes the
particles size and concentrations found in blood and urine of workers and controls at the
two Companies.
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Figure 2. Results of Ag nanoparticles (NPs) found in urine of a worker: (a) raw data and particle size
distribution (PSD) at pre-shift start of week; (b) raw data and PSD at post-shift start of week; (c) raw
data and PSD at post shift end of week; (d) raw data and PSD in a control worker.
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Figure 3. Results of metal nanoparticles (NPs) found in blood of a worker: (a) raw data and particle
size distribution (PSD) of Au NPs at the post shift end of week; (b) raw data and PSD of In NPs at the
post shift end of week; (c) raw data and PSD of Ti NPs at the post shift end of week; (d) raw data and
PSD of Ti NPs in a control worker.
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Figure 4. Workers urinary excretion profile of Ag nanoparticles (NPs) during one working week
(1st—4th day).

Table 4. Analysis of metal nanoparticles (NPs) in blood of workers from Company A (no. 1-3),
Company B (no. 4-6) and controls (No. 7-8), at the end of working week (4th day).

Number of

Metals NPs ‘(A(I:(:)rrlr(lers n(;. Dlam(eter):lz SD Particles Cor(lcentr]ejlon
pany nm (Particles/mL) ng/m
Ag 1-3 (A) nd nd nd
Au 1(A) 153 +23 251,177 nd
2(A) 155+ 25 62,794 nd
3(A) 15.1+£22 65,934 nd
In 1(A) nd nd nd
2(A) 379 +1.6 14,020 1.00
3(A) 37.6 1.3 6722 0.41
Pt 1-3 (A) nd nd nd
Ti 1(A) 824 +125 49,092 4.90
2 (A) 83.4+13.3 16,709 1.87
3(A) 86.8 = 14.8 17,315 1.93
Ir, Pd, Pt 4-6 (B) nd nd nd
Workers no. Diameter + SD Numl.)er of Concentration
Metals NPs (Company) (am) Particles (ng/mL)
Y (Particles/mL) &
Ag 7-8 nd nd nd
Au 7 151+15 10,989 nd
8 153 +22 95,838 nd
In, Ir, Pd, Pt 7-8 nd nd nd
Ti 7 84.5 +12.0 16,245 1.83
8 904 +16.4 14,334 1.65
nd, not detected. SD, standard deviation.
1 B Sizein workers Bl Concentrationinworkers >
o Sizein controls Concentrationin controls 120,000
. I [ 0 l m .
Ag Au Ti In

Metalnanoparticles (NPs)

Figure 5. Mean diameter (nm) and number concentration (particles/mL) of metal nanoparticles (NPs)
for workers and controls of the two companies.
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4. Discussion

This HBM pilot study aimed to evaluate the occupational exposure to metal ENPs
in workers involved in nanomaterials production in two Italian Companies (A and B).
Although the limited number of workers enrolled in the study, to our knowledge, this is
the first attempt to assess, in field, the exposure to metal ENPs using the SP-ICP-MS in the
analysis of HBM samples. This protocol was firstly employed by our group of research to
assess the exposure to incidental metal-oxide NPs emitted during welding operations. It
offered the opportunity to determine both the size and number concentration of Cr,O3,
Mn304 and NiO NPs in different biological matrices (EBC, plasma and urine) of stainless-
steel welders workers [9]. The same technique was used here for the HBM of workers
exposed to ENPs such as Ag, Au, In,O;3, Ir, Pd, Pt, and TiO, in two different occupational
exposure scenarios. The SP-ICP-MS technique in urine and blood was validated according
to ISO/IEC 17025:2017 [14]. The linearly concentration range (Figure 1) was between
0.01 and 0.1 ng/mL (Ag NPs), 0.1 and 1.0 ng/mL (Pt NPs), 1 and 10 ng/mL (Pd, InO3, Ir
and TiO; NPs) and 9500 and 38,000 particles/mL (Au NPs) in both matrices and the R?
values observed were >0.99 for all the metal NPs. Table 2 shows the LoDs in concentration
ranging from 0.001 ng/mL (Ag NPs) to 0.40 ng/mL (InpO3 NPs) in urine and 0.001 ng/mL
(Ag NPs) and 1.02 ng/mL (Ir NPs) in blood; whilst, the LoDs in size ranged from ca.
7 nm (Ir NPs) to ca. 50 nm (TiO, NPs) in urine and blood respectively. Accurate recoveries
on concentration (80-108%) were obtained, and repeatability on particle counting was
better than 6% both in urine and blood (Table 2). Good agreement was found between
the mean size of NPs standards observed in both matrices and the certified size, except
for Ir and Pd NPs that measured ca. 30 nm instead of 15 nm certified. The method
resulted fast (60 s of analysis for sample), required minimum quantity of specimen and
limited sample preparation (without preconcentration step) and was able to detect very low
ENP concentrations. Thus, the method can be recommended for the reliable and routine
measurements of ENPs in field surveys.

Regarding the ENPs analysis in samples, in Company A, Ag was detected in urine
in only one out of three exposed workers with a mean size of 29 nm at pre- and post-shift
and mean concentration of 19,180 particles/mL (0.012 ng/mL) at pre-shift and 13,955 parti-
cles/mL (0.009 ng/mL) at post-shift (Table 3). Interestingly, all the two subjects enrolled as
controls had comparable size of Ag (mean, 29 nm pre- and post-shift) but a lower number
concentration of particles (mean, 9948 particles/mL at pre-shift and 8550 particles/mL at
post-shift) compared to those determined in the exposed worker (Table 3). This finding, on
the one side, indicated the general low levels of occupational exposure to Ag in Company
A (Figure 2a—c) because the exposed employees had concentrations comparable to those
found in unexposed controls (Figure 2d). On the other side, it may suggest a possible
extra-professional source of exposure to Ag NPs. To this regard, Ag NPs are widely used
in consumer products such as cosmetics, textiles, health-care products [15], and in the
food industry [16]. Additionally, the lack of any increase in the Ag NPs concentration and
particle counting in urine samples collected at pre- and post-shift might further confirm
the role of extra-professional sources of exposure in affecting the HBM results (Figure 4).
The origin of Ag NPs in controls is questionable considering that this kind of NPs are also
used in dental resin composites, cleaning and disinfectant products and water filters, with
their possible release and absorption by human organism [17]. Lee et al. [5] showed a level
of Ag of 0.043 png/dL and not detectable concentrations in two workers involved in the
manufacturing of Ag nanomaterials.

Studies on Ag NPs orally administered to rats, showed that these NPs were distributed
in all tissues and the concentration was dependent on the dimensions and the exposure time.
In fact, short treatment duration led to higher concentrations in duodenum, the first contact
site [18]; while for a longer exposure time, the NPs were absorbed and transported through
the blood up to different organs, such as liver and spleen and, finally, to the kidneys for
excretion [19]. Additionally, the particle size has been also demonstrated as an influencing
factor for the glomerular filtration of the particles themselves. In fact, <6 nm sized particles
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are typically filtered and excreted via the renal system, while those >8 nm are primarily
eliminated via the hepatobiliary system as they are not normally filtered by the renal
glomerulus [20]. No other metal ENPs analysed were found in urine samples collected
from both exposed employees and unexposed subjects (Table 3). Similarly, no NPs of Cr,O3,
Mn30O4 and NiO [9] and TiO, [7] were observed in urine of stainless-steel welders exposed
to metal-oxide NPs.

Comparable counts and diameters of Au NPs (mean, 15 nm, 97,346 particles/mL) and
TiO, (mean, 85 nm, 22,739 particles/mL, 2.4 ng/mL) were observed in blood of workers
and controls of Company A at the end of the working week (Table 4). As for Ag, these data
may be explained by a possible general exposure to Au and TiO, NPs by daily-life sources.
In this view, different previous papers observed human exposure after the skin contact
with Au and TiO, NPs present in consumer products [12,21] or through the ingestion of
food products containing TiO, NP-additives [22]. In addition, Au NPs could originate
from the cigarette smoke or from dental alloy [17]. Pelclova et al. [23] found TiO, NPs
after sunscreen application in blood and urine of volunteers up to one week. The human
exposure of the general population and the systemic uptake of TiO, NPs was also observed
by Peters et al. [24] and Heringa et al., [25] in post-mortem tissues (liver, spleen, kidney,
jejunum, and ileum). In other occupational settings the exposure to ENPs as TiO, were
effectively reduced by proper local exhaust ventilation (LEV), filtration, containment, and
good work practices [26].

To the opposite of blood, Au NPs and TiO; NPs were not detected in urine neither
in exposed nor in unexposed subjects. Other investigations reported that Au NPs were
mainly excreted in the feces rather than in urine, due to the mucociliary escalator clearing
mechanism and the involvement of the gastrointestinal tract [27]. The same authors
observed that Au NPs translocated into the systemic circulation and could be detected in
the blood and heart. In the paper of Kreyling et al. [28], after the intra-tracheal inhalation
of NPs in rats, the TiO, translocated across the air-blood barrier and were predominantly
excreted in urine, whilst the translocated Au NP fraction and its excretion in urine was
only negligible.

Regarding In,O3 NPs, a number of 14,020 particles/mL (1.00 ng/mL) was found in
the blood of worker no. 2 while half of the particles in worker no. 3 (6722 particles/mL and
0.41 ng/mL) at diameters of ca. 38 nm (Table 4). No particles of InyO3 were observed in
the worker no. 1 and in control samples. In line with this observation, Liu et al. [6] found
that workers in the indium tin oxide (ITO) manufacturing department had serum levels of
In significantly higher than the administrative staff. We cannot exclude that the obtained
HBM results may be due to an inappropriate fitting of PPE during job procedures that
could explain the differences in the levels of In,O3 NPs in blood of workers. However, for
a correct interpretation of our findings, it seems important to consider that the cleaning
activity of the CBE chamber for the growth of InAs nanostructures, as a possible condition
of occupational exposure, is rarely performed (ca. twice a year).

In Company B, urinary and blood concentrations of Ir, Pd, and Pt were not detected
in any subject (Tables 3 and 4). These results showed that in the case of Company B, the
collective and personal preventive measures adopted were effective in reducing the human
exposure to these elements.

The effects of the ENPs analysed on human health are, to a large extent, unknown
at present. Preliminary HBM information on occupationally exposed subjects reported
possible changes in biomarkers of effect, e.g., oxidative stress, lipid peroxidation, and
inflammatory, and also cardiovascular and respiratory biomarkers in workers exposed to
ENPs including Ag, Au and TiO,, indium tin oxide (ITO) [29-32].

In addition, there no reference limits for ENPs in human biological samples derived by
using the metric as described in this study, and thus the present data cannot be compared
with any guideline. Notwithstanding this, some workplace guidelines have been developed
by the World Health Organization (WHO) and the National Institute for Occupational Safety
and Health (NIOSH) for the inhalation exposure to ENPs in workplaces [33,34]. These
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guidelines have been developed with the aim of protecting workers from the potential
health risks to ENPs. In particular, the WHO reported the occupational exposure limit
(OEL) values in air below which no adverse health effects will occur for specific ENPs
including TiO, and Ag, and NIOSH derived a recommended exposure limit (REL) for TiO,
in air.

Furthermore, the results suggested that different ENPs may have different toxico-
kinetics. In fact, Ag NPs were measured in urine of enrolled workers whilst they were
not found in their blood. Conversely, no particles of Au and TiO, were found in urine,
while they were detected in blood of both exposed and unexposed controls. This may
be due to the diverse toxicokinetic behaviors among the various NPs, depending on the
physicochemical properties (i.e., size), dissolution property in biological fluids, and NP-
protein interaction, etc. [35]. Our survey showed that most of the particles (Au, InyO3,
and TiO,) were concentrated in the blood, whilst Ag was preferentially excreted via urine.
Indeed, concentration of particles in the range of 0.41-4.9 ng/mL were found in blood
while levels less than 0.01 ng/mL were found in urine (Figure 5).

Overall, the findings support the possibility to use the SP-ICP-MS methodology
and the HBM approach to evaluate human exposure to ENPs in diverse occupational
settings. However, the preliminary nature of these data and the limited number of subjects
involved do not allow to extrapolate definitive conclusions on the interpretation of the
results obtained.

5. Conclusions

Our study represents the first attempt to evaluate the occupational exposure to ENPs
through a HBM survey and SP-ICP-MS analytical technique. Our results confirmed the
exposure of workers to some nanosized-metals such as In,O3, although the limited number
of subjects investigated. On the other hand, the comparable results between exposed work-
ers and controls for Ag, Au, and TiO; argued for a possible condition of extra-professional
exposure. Even if these findings need to be confirmed in future studies, they preliminarily
support the suitability of the SP-ICP-MS based methodology for the HBM of the ENP
exposure in diverse occupational settings. Once confirmed on large workers populations,
they may provide inputs to inform adequate strategies for ENP exposure assessment as a
key issue of risk characterization. Overall, this may be also useful to define and update
risk assessment and management procedures in nanomaterial companies to better protect
the health of exposed workers. In addition, the proposed method may be applied also to
assess the exposure to ENPs in the general population, to achieve knowledge on possible
background levels of exposure, given the very low detection limits and the high accuracy
and precision of the SP-ICP-MS technique.

Author Contributions: Conceptualization, B.B. (Beatrice Bocca) and L.I.; methodology, B.B. (Beatrice
Battistini), S.C., M.E. and L.E,; validation and data curation, B.B. (Beatrice Bocca), B.B. (Beatrice
Battistini) and S.C.; writing—original draft preparation, V.L., L., B.B. (Beatrice Bocca) and B.B.
(Beatrice Battistini); writing, review and editing, B.B. (Beatrice Bocca), V.L. and L1.; Supervision: B.B.
(Beatrice Bocca) and LI. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Istituto Superiore di Sanita, Rome, Italy
(protocol code PRE 99/18).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that there is no conflict of interest.



Toxics 2023, 11,120 14 of 15

References

1. NIOSH (National Institute for Occupational Safety and Health). Protecting the Nanotechnology Workforce: NIOSH Nanotechnology
Research and Guidance Strategic Plan, 2013-2016; NIOSH: Cincinnati, OH, USA, 2014.

2. Schulte, P.; Leso, V.; Niang, M.; Iavicoli, I. Biological Monitoring of Workers Exposed to Engineered Nanomaterials. Toxicol. Lett.
2018, 298, 112-124. [CrossRef] [PubMed]

3. Madhwani, K. Safe Development of Nanotechnology: A Global Challenge. Indian. ]. Occup. Environ. Med. 2013, 17, 87-88.
[CrossRef] [PubMed]

4. Leso, V.; Fontana, L.; Mauriello, M.; Iavicoli, I. Occupational Risk Assessment of Engineered Nanomaterials: Limits, Challenges
and Opportunities. Curr. Nanosci. 2016, 13, 55-78. [CrossRef]

5. Lee, J.H.; Mun, J.; Park, ].D.; Yu, L.]. A Health Surveillance Case Study on Workers Who Manufacture Silver Nanomaterials.
Nanotoxicology 2012, 6, 667-669. [CrossRef] [PubMed]

6. Liu, H.-H.; Chen, C.-Y,; Chen, G.-I; Lee, L.-H.; Chen, H.-L. Relationship between Indium Exposure and Oxidative Damage in
Workers in Indium Tin Oxide Production Plants. Int. Arch. Occup. Environ. Health 2012, 85, 447-453. [CrossRef]

7.  Pelclova, D.; Barosova, H.; Kukutschova, J.; Zdimal, V.; Navratil, T.; Fenclova, Z.; Vickova, S.; Schwarz, J.; Zikova, N.; Kacer,
P, et al. Raman Microspectroscopy of Exhaled Breath Condensate and Urine in Workers Exposed to Fine and Nano TiO; Particles:
A Cross-Sectional Study. J. Breath Res. 2015, 9, 036008. [CrossRef]

8.  Marie-Desvergne, C.; Dubosson, M.; Touri, L.; Zimmermann, E.; Gaude-Méme, M.; Leclerc, L.; Durand, C.; Klerlein, M.; Molinari,
N.; Vachier, I.; et al. Assessment of Nanoparticles and Metal Exposure of Airport Workers Using Exhaled Breath Condensate.
J. Breath Res. 2016, 10, 036006. [CrossRef]

9. Bocca, B.; Leso, V.; Battistini, B.; Caimi, S.; Senofonte, M.; Fedele, M.; Cavallo, D.M.; Cattaneo, A.; Lovreglio, P.; Iavicoli, I.
Human Biomonitoring and Personal Air Monitoring. An Integrated Approach to Assess Exposure of Stainless-Steel Welders to
Metal-Oxide Nanoparticles. Environ. Res. 2023, 216, 114736. [CrossRef]

10. Bocca, B.; Battistini, B.; Petrucci, F. Silver and Gold Nanoparticles Characterization by SP-ICP-MS and AF4-FFF-MALS-UV-ICP-MS
in Human Samples Used for Biomonitoring. Talanta 2020, 220, 121404. [CrossRef]

11. Battistini, B.; Petrucci, F.; De Angelis, I.; Failla, C.M.; Bocca, B. Quantitative Analysis of Metals and Metal-Based Nano- and
Submicron-Particles in Tattoo Inks. Chemosphere 2020, 245, 125667. [CrossRef]

12.  Bocca, B,; Caimi, S.; Senofonte, O.; Alimonti, A.; Petrucci, F. ICP-MS Based Methods to Characterize Nanoparticles of TiO, and
Zn0 in Sunscreens with Focus on Regulatory and Safety Issues. Sci. Total Environ. 2018, 630, 922-930. [CrossRef]

13.  Bocca, B.; Sabbioni, E.; Miceti¢, I.; Alimonti, A.; Petrucci, F. Size and Metal Composition Characterization of Nano- and
Microparticles in Tattoo Inks by a Combination of Analytical Techniques. J. Anal. At. Spectrom. 2017, 32, 616-628. [CrossRef]

14. ISO/IEC 17025:2017; General Requirements for the Competence of Testing and Calibration Laboratories. International Organiza-
tion for Standardization: London, UK, 2017.

15. Doak, S.H,; Liu, Y.; Chen, C. Genotoxicity and Cancer. In Adverse Effects of Engineered Nanomaterials; Elsevier: Amsterdam, The
Netherlands, 2012; pp. 243-261. [CrossRef]

16. Istiqola, A.; Syafiuddin, A. A Review of Silver Nanoparticles in Food Packaging Technologies: Regulation, Methods, Properties,
Migration, and Future Challenges. J. Chin. Chem. Soc. 2020, 67, 1942-1956. [CrossRef]

17.  Lischkova, L.; Pelclova, D.; Hlusicka, J.; Navratil, T.; Vlckova, S.; Fenclova, Z.; Dvorackova, S.; Popov, A.; Michalcova, A.; Marek,
I; et al. Detection and identification of engineered nanoparticles in exhaled breath condensate, blood serum, and urine of
occupationally exposed subjects. Monatsh. Chem. 2019, 150, 511-523. [CrossRef]

18. Narciso, L.; Coppola, L.; Lori, G.; Andreoli, C.; Zjino, A.; Bocca, B.; Petrucci, F.; Di Virgilio, A.; Martinelli, A.; Tinari, A.; et al.
Genotoxicity, Biodistribution and Toxic Effects of Silver Nanoparticles after In Vivo Acute Oral Administration. Nanolmpact 2020,
18,100221. [CrossRef]

19. Boudreau, M.D.; Imam, M.S,; Paredes, A.M.; Bryant, M.S.; Cunningham, C.K.; Felton, R.P; Jones, M.Y.; Davis, K.]J.; Olson, G.R.
Differential Effects of Silver Nanoparticles and Silver Ions on Tissue Accumulation, Distribution, and Toxicity in the Sprague
Dawley Rat Following Daily Oral Gavage Administration for 13 Weeks. Toxicol. Sci. 2016, 150, 131-160. [CrossRef]

20. Iavicoli, I.; Fontana, L.; Nordberg, G. The effects of nanoparticles on the renal system. Crit. Rev. Toxicol. 2016, 46, 490-560.
[CrossRef]

21. Friedman, N.; Dagan, A.; Elia, J.; Merims, S.; Benny, O. Physical Properties of Gold Nanoparticles Affect Skin Penetration via Hair
Follicles. Nanomed. Nanotechnol. Biol. Med. 2021, 36, 102414. [CrossRef]

22.  Weir, A.; Westerhoff, P.; Fabricius, L.; Hristovski, K.; von Goetz, N. Titanium Dioxide Nanoparticles in Food and Personal Care
Products. Environ. Sci. Technol. 2012, 46, 2242-2250. [CrossRef]

23. Pelclova, D.; Navratil, T.; Kacerova, T.; Zamostna, B.; Fenclova, Z.; Vickova, S.; Kacer, P. NanoTiO, Sunscreen Does Not Prevent
Systemic Oxidative Stress Caused by UV Radiation and a Minor Amount of NanoTiO, Is Absorbed in Humans. Nanomaterials
2019, 9, 888. [CrossRef]

24. Peters, R].B.; Oomen, A.G.; van Bemmel, G.; van Vliet, L.; Undas, A.K.; Munniks, S.; Bleys, R.L.A.W.; Tromp, P.C.; Brand, W.; van

der Lee, M. Silicon Dioxide and Titanium Dioxide Particles Found in Human Tissues. Nanotoxicology 2020, 14, 420-432. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.toxlet.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/29920308
http://doi.org/10.4103/0019-5278.130833
http://www.ncbi.nlm.nih.gov/pubmed/24872665
http://doi.org/10.2174/1573413712666161017114934
http://doi.org/10.3109/17435390.2011.600840
http://www.ncbi.nlm.nih.gov/pubmed/21777050
http://doi.org/10.1007/s00420-011-0688-6
http://doi.org/10.1088/1752-7155/9/3/036008
http://doi.org/10.1088/1752-7155/10/3/036006
http://doi.org/10.1016/j.envres.2022.114736
http://doi.org/10.1016/j.talanta.2020.121404
http://doi.org/10.1016/j.chemosphere.2019.125667
http://doi.org/10.1016/j.scitotenv.2018.02.166
http://doi.org/10.1039/C6JA00210B
http://doi.org/10.1016/B978-0-12-386940-1.00014-3
http://doi.org/10.1002/jccs.202000179
http://doi.org/10.1007/s00706-019-2379-z
http://doi.org/10.1016/j.impact.2020.100221
http://doi.org/10.1093/toxsci/kfv318
http://doi.org/10.1080/10408444.2016.1181047
http://doi.org/10.1016/j.nano.2021.102414
http://doi.org/10.1021/es204168d
http://doi.org/10.3390/nano9060888
http://doi.org/10.1080/17435390.2020.1718232
http://www.ncbi.nlm.nih.gov/pubmed/31994971

Toxics 2023, 11,120 15 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Heringa, M.B.; Peters, R.J.B.; Bleys, RL.A.W,; van der Lee, M.K; Tromp, P.C.; van Kesteren, P.C.E.; van Eijkeren, ].C.H.; Undas,
A K.; Oomen, A.G.; Bouwmeester, H. Detection of Titanium Particles in Human Liver and Spleen and Possible Health Implications.
Part. Fibre Toxicol. 2018, 15, 15. [CrossRef] [PubMed]

Methner, M.M. Effectiveness of a Custom-Fitted Flange and Local Exhaust Ventilation (LEV) System in Controlling the Release
of Nanoscale Metal Oxide Particulates During Reactor Cleanout Operations. Int. . Occup. Environ. Health 2010, 16, 475-487.
[CrossRef] [PubMed]

Mapanao, A.K.; Giannone, G.; Summa, M.; Ermini, M.L.; Zamborlin, A.; Santi, M.; Cassano, D.; Bertorelli, R.; Voliani, V. Biokinetics
and Clearance of Inhaled Gold Ultrasmall-in-Nano Architectures. Nanoscale Adv. 2020, 2, 3815-3820. [CrossRef] [PubMed]
Kreyling, W.G.; Holzwarth, U.; Schleh, C.; Hirn, S.; Wenk, A.; Schéffler, M.; Haberl, N.; Semmler-Behnke, M.; Gibson, N.
Quantitative Biokinetics over a 28 Day Period of Freshly Generated, Pristine, 20 Nm Titanium Dioxide Nanoparticle Aerosols in
Healthy Adult Rats after a Single Two-Hour Inhalation Exposure. Part. Fibre Toxicol. 2019, 16, 29. [CrossRef]

Wu, W.-T,; Li, L.-A,; Tsou, T.-C.; Wang, S.-L.; Lee, H.-L.; Shih, T.-S.; Liou, S.-H. Longitudinal follow-up of health effects among
workers handling engineered nanomaterials: A panel study. Environ. Health 2019, 18, 107. [CrossRef]

Pelclova, D.; Zdimal, V.; Komarc, M.; Schwarz, J.; Ondracek, J.; Ondrackova, L.; Kostejn, M.; Vlckova, S.; Fenclova, Z.; Dvorackova,
S.; et al. Three-Year Study of Markers of Oxidative Stress in Exhaled Breath Condensate in Workers Producing Nanocomposites,
Extended by Plasma and Urine Analysis in Last Two Years. Nanomaterials 2020, 10, 2440. [CrossRef]

Liou, S.-H.; Wu, W.-T; Liao, H.-Y.; Chen, C.-Y,; Tsai, C.-Y.; Jung, W.-T,; Lee, H.-L. Global DNA methylation and oxidative stress
biomarkers in workers exposed to metal oxide nanoparticles. |. Hazard. Mater. 2017, 331, 329-335. [CrossRef]

Schulte, P.A.; Leso, V.; Niang, M.; lavicoli, I. Current state of knowledge on the health effects of engineered nanomaterials in
workers: A systematic review of human studies and epidemiological investigations. Scand. . Work. Environ. Health 2019, 45,
217-238. [CrossRef]

World Health Organization. WHO Guidelines on Protecting Workers from Potential Risks of Manufactured Nanomaterials; World Health
Organization: Geneva, Switzerland, 2017.

NIOSH (National Institute for Occupational Safety and Health). Occupational Exposure to Titanium Dioxide; Current Intelligence
Bulletin 63; NIOSH: Cincinnati, OH, USA, 2011.

Laux, P; Riebeling, C.; Booth, A.M.; Brain, J.D.; Brunner, J.; Cerrillo, C.; Creutzenberg, O.; Estrela-Lopis, I.; Gebel, T.; Johanson, G.;
et al. Biokinetics of Nanomaterials: The Role of Biopersistence. Nanolmpact 2017, 6, 69-80. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1186/s12989-018-0251-7
http://www.ncbi.nlm.nih.gov/pubmed/29642936
http://doi.org/10.1179/oeh.2010.16.4.475
http://www.ncbi.nlm.nih.gov/pubmed/21222391
http://doi.org/10.1039/D0NA00521E
http://www.ncbi.nlm.nih.gov/pubmed/36132776
http://doi.org/10.1186/s12989-019-0303-7
http://doi.org/10.1186/s12940-019-0542-y
http://doi.org/10.3390/nano10122440
http://doi.org/10.1016/j.jhazmat.2017.02.042
http://doi.org/10.5271/sjweh.3800
http://doi.org/10.1016/j.impact.2017.03.003

	Introduction 
	Materials and Methods 
	Population Recruitment, Biological Samples Collection and Preparation 
	Certified NPs Reference Standards 
	SP-ICP-MS Analysis of NPs 
	Method Validation 

	Results 
	Investigated Population 
	SP-ICP-MS Method Validation Performances in Urine and Blood 
	Size and Concentration of Metal NPs in Urine and Blood 

	Discussion 
	Conclusions 
	References

