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With the extensive application of nanotechnology, metal nanoparticles (MNPs) have been widely used, thus are
universally detected in the environment. This has caused increasingly concerns due to their toxicity and the
potential health risks they pose to humans. In this work, the concentrations and particle size distributions of
MNPs and concentrations of associated metal ionic species in shellﬁsh seafood (clams and oysters) were investigated using single particle inductively coupled plasma mass spectrometry (sp-ICP-MS) and inductively
coupled plasma mass spectrometry (ICP-MS). The MNPs in the clam and oyster tissues were extracted via an
alkaline digestion method with a recovery rate of 95.9% (for gold nanoparticles (AuNPs)). Then total concentrations of 41 metal elements were measured in the two types of seafood, of which 20 were selected for spICP-MS analysis. The results showed that 5 types of MNPs were detectable in clams (Y, La, Ce, Pr, Gd) and 5 types
of MNPs were detectable in oysters (Y, La, Ce, Pr, Nd). Size distributions of MNPs in clams and oysters were in
the range of 35–55 nm and 30–65 nm, respectively. Nanoparticle concentrations in clams and oysters ranged
from 0.6 to 37.7 ng/g and 4.2–19.7 ng/g, and accounted for 3.4%–50% and 5.5%–46% of the total metal
content, respectively. Based on this analysis, the health risks of metals in the two kinds of seafood were evaluated
by comparing the Provisional Tolerable Weekly Intake (PTWI) with limits recommended by the World Health
Organization (WHO)/Food and Agriculture Organization (FAO). These results provide important information
about the presence of metal nanoparticles in seafood and, to the best of our knowledge, this is the ﬁrst time that
the nanoparticles of rare earth elements have been detected and reported in bivalve mollusc tissues.

1. Introduction
Currently nanoparticles (NPs) are widely used in everyday life. For
example, nanoparticles are often used in skin care products, nano
sensors, electronic products, fertilizers and so on (Bowman et al., 2018;
Chen et al., 2018). Amongst these nanomaterials, metal nanoparticles
(MNPs) are the most commonly used (Tamm et al., 2016). Metal nanoparticles can constantly migrate and transform in the environment
(Tangaa et al., 2016), accumulate in biological tissue (Gajdosechova
et al., 2016), and have the potential to adversely impact both the environment and human health (Liu et al., 2019), thus have recently
become a point of increasing public concern. The toxicity of metal NPs
is strongly related to physical and chemical properties of the particles
themselves, including size, surface area, surface charge, chemical
composition, and crystal structure (Shariﬁ et al., 2012). For example,
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Schrand et al. reported that smaller gold nanoparticles (10–50(Schmid
and Riediker, 2008) nm) could be more toxic than larger gold nanoparticles (100–200 nm) in four diﬀerent cells, as the smaller AuNPs
could upregulate the pro-inﬂammatory expression genes il-1 (il-1), il-6
(il-6) and TNF (Schrand et al., 2010). Studies have also shown that the
release of metal nanoparticles on metal ions can promote the production of free radical oxidizing substances (ROS) and increase the oxidative stress of cells, which can increase of the overall metal toxicity
(Chen et al., 2017). Thus, exposure to MNPs can potentially pose great
risks to food safety and human health (Huang et al., 2010; Hardy et al.,
2018). Clams and oysters are the most common and frequently eaten
seafood, thus it is important to determine the physical and chemical
characteristics of MNPs (particles and ions concentration, size distribution, chemical composition) and to assess the environmental
health risk that these nanoparticles pose in clam and oyster seafood.
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National Standards Network (Beijing, China).
A 25% (v/v) aqueous solution of tetramethylammonium hydroxide
(TMAH, electronic grade) was obtained from American Alfa Aesar,
Japanese TCI, Chinese Aladdin, Chinese Macklin, Chinese Ronlabs.
Protease K was a serine protease (Mbiotech, Korea), and proteinase Kbuﬀered was a mixture of calcium acetate and sodium dodecyl sulfate
(purity > 98%, sigma-aldrich, USA). Acid digestion was performed
using 65% nitric acid (Merck, Germany) and the promoter hydrogen
peroxide (Merck, Germany). Triton X-100 was obtained from SigmaAldrich (St. Louis, USA). All reagents used were analytical grade or
better. Ultrapure water (18.2 MΩ cm) was produced by a Milli-Q system
from Millipore (Milford, Billerica, USA).
The clams and oyster seafood samples were collected from Red
Island (Qingdao, ShangDong Province). Prior to digestion treatment,
tissue surfaces were rinsed with pure water, cut into pieces, and placed
in an ultra-low temperature refrigerator (Thermo Scientiﬁc Forma,
USA).

There are many commonly used methods that can be applied to
detect and characterize MNPs, including electronic microscopy (EM),
dynamic light scattering (DLS), energy dispersive X-ray spectroscopy
(EDS), and ultraviolet visible spectroscopy (uv–vis) (Kim et al., 2012;
Cornelis et al., 2013). Although EM technology can be eﬀectively used
to characterize the shapes and sizes of MNPs, many methods are limited
by high detection limits, which fail to capture the extremely low concentration of MNPs in the environment, and the complexity of the
matrix in which MNPs are commonly found (Yang et al., 2016). Recently, single particle mode inductively coupled plasma mass spectrometry (sp-ICP-MS) has been developed as a powerful tool for the analysis of nanoparticles in environmental and biological samples
(Merriﬁeld et al., 2017). This technique enables fast and sensitive detection of nanoparticles in complex matrix samples, allowing for
quantiﬁcation of particle size, size distribution, mass concentration,
particle number concentration and the detection of the ionic species of
metal nanoparticles (Veverkova et al., 2014; Li et al., 2019). Single
particle ICP-MS has been successfully used to detect gold, silver, TiO2
and other nanoparticles in natural waters (Frechette-Viens et al., 2019),
plants (Hu et al., 2018), chicken meat (Ramos et al., 2017), zebraﬁsh
(Sung et al., 2018) and other environmental samples (Peters et al.,
2014).
Currently there are three major types of pre-treatment methods used
prior to sp-ICP-MS analysis: acid digestion, alkali digestion and enzyme
digestion (Deng et al., 2017; Loeschner et al., 2018; Vidmar et al.,
2018). Alkaline and enzymatic digestion have been shown to give high
recovery rates for nanoparticles from tissues when focusing on quantiﬁcation endpoints of particle size and total mass. For example, Gray
et al. and sung et al. successfully extracted AgNPs and AuNPs from
ground beef, ﬂeas, worms by using tetramethylammonium hydroxide
(TMAH) (Gray et al., 2013); Yongbo Dan et al. successfully analyzed the
absorption characteristics of AuNPs in tomato plants by enzymatic digestion (Dan et al., 2015); and Loeschner et al. and Janja Vidmar et al.
successfully extracted the AuNPS from the spleen of rats and human
tissue by alkaline and enzymatic digestion (Loeschner et al., 2014). We
compared the alkaline and enzymatic digestion methods using shellﬁsh
and found that the alkali digestion method resulted in better digestion
eﬃciency.
In this study, we chose two kinds of commonly consumed seafood
(clams and oysters), cultured in shallow bays, and characterized the
concentrations of metal nanoparticles in those samples. First we compared the metal particle backgrounds of diﬀerent alkaline solutions.
Then we analyzed nanoparticle recovery in alkaline solutions and in
biological tissue environments. Subsequently, we characterized the
total amount of metal elements in the two kinds of seafood. MNPs were
then extracted from clam and oyster tissues by alkaline digestion and
detected using sp-ICP-MS, allowing for the characterization of MNP
concentration and particle size distribution. Finally, the health risks of
metals were assessed in the two kinds of seafood.

2.2. Sp-ICP-MS method
The MNPs were analyzed by sp-ICP-MS (Agilent 8800, California,
USA) and the data processing was conducted using the Mass Hunter 4.4
Workstation Software (G7201C, Version C.01.04, Agilent Technologies)
(Wilbur et al., 2016). The dwell time used in the sp-ICP-MS application
module was chosen based on previous studies. It has been determined
that a long residence time may cause several small particles to be
converted into one large particle for detection. However, a short dwell
time can also be problematic, as it can cause one particle to be detected
as multiple particles (Lee et al., 2014). Previous studies have recommended a residence time between 0.1 and 20 ms per point (Olesik
and Gray, 2012). Therefore, in this study, the dwell time was set to
3 ms. The collection time was set to 60 s in the single particle analysis
model. According to the method described by Pace et al., standard size
(50 nm) AuNPs were used as references to determine transport eﬃciency (Pace et al., 2012). To avoid contamination between samples,
each sample was rinsed with nitric acid (2%, v/v) and Triton X-100
(0.1%, v/v) prior to measurement. General instrumental operating
parameters are presented in Table 1. After each sample was analyzed,
the software automatically processed the original data, characterizing
particle concentration, mass concentration, ion concentration, and
particle size distribution. As this analytical method cannot identify
chemical substances, the sizes of all detected metal particles were calculated based on the equivalent mass contained in a theoretical pure
metal ball, and expressed by the equivalent particle size. Therefore,
these measurements did not necessarily represent the actual particle
size. If the shapes, densities and chemical compositions of metallic NPs
are to be analyzed in detail, it is also necessary more techniques to
characterize the nanoparticles.

2. Materials and methods

Table 1
Instrumental parameters for sp-ICP-MS analysis.

2.1. Chemicals and samples
Gold nanoparticle standard solution (particle sizes of 50 nm, PEGstabilized) was purchased from Nanocomposix (San Diego, CA, USA)
and conﬁrmed by TEM (Supporting Information). Multi-element calibration standard 2 A (Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga,
K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Tl, U, V, Zn, 100 mg/L in 5%
HNO3), and multi-element standard solution (Au, Fd, Pt, Ir, Ru,
100 mg/L, in 1 mol/L HCl; Al, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Ga, Li,
Mg, Mn, Ni, Pb, Sb, Sn, Sr, Ti, Tl, V, Zn, 100 mg/L, in 2.5 mol/L HNO3;
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y, 100 mg/L in
1.0 mol/L HNO3) were purchased from National Standards Network
(Beijing, China). Single element standard solutions Hg (1000 mg/L in
2% HNO3) and W (1000 mg/L in 2% HNO3) were purchased from
2

Instrument parameter

Value

RF generator power
Argon ﬂow
Carrier gas
Make up gas
Nebulizer
Nebulization Gas Flow
Triple cone
Peristaltic pump rate
Sample ﬂow rate
Spray chamber temperature
Data acquisition mode
Integration time
Acquisition time

1550 (W)
15 (Lmin−1)
1.14 (Lmin−1)
0 (L min−1)
Micromist
0.95 (mLmin−1)
Ni
0.1 (rps)
0.346 (mLmin−1)
2 (°C)
SP Analysis
3 (ms)
60 (s)
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Fig. 1. The standard material AuNPs veriﬁes the recovery rate of alkali treatment method and enzyme treatment.

the backgrounds of several metals (Zn, La, Ce, Ag) during a pre-experiment. Amongst the ﬁve TMAH, we found that Alfa Aesar had the
lowest background of Ce (Figure S2), Zn, La and Ag. Background information on the metal particles (Y, La, Ce, Pr, Gd, Nd) in the Alfa Aesar
TMAH is provided in Supporting Information (Figure S4). In the
shellﬁsh tissues, the background of the 20 metal particles detected by
Alfa Aesar alkali digestion solution was normal. Therefore, it was determined that the purities of solutions used is very important for the
accuracy of single particle analysis.

2.3. Sample pretreatment for sp-ICP-MS analysis
Traditional acid-based tissue digestion methods cannot be applied
for MNPs as they can easily dissolve the NPs and cannot often expose
the nanoparticle targets in complex tissues. However alkali and enzymes have been successfully applied to NPs in some biological tissues.
Thus, using an alkaline digestion technique, a mass of 0.1 g of wet
seafood tissue was weighed and mixed 2 mL of TMAH (20% v/v). A
vortex oscillator (Thermo Scientiﬁc, USA) was used to automatically
mix the tube mixture, and helped prevent tissues from sticking to tube
walls. The homogenized mixture was sonicated for 60 min at 37 °C
using an ultrasonic bath instrument (KQ-300gvdv tri-frequency, Kun
San ShuMei, China) to accelerate tissue breakdown and prevent particle
aggregation. Then, to continue digestion, samples were further mixed
using a shaker machine (Sk-o180-e, Scilogex, USA) at 80 r/min at room
temperature (RT) for 24 h. The resultant colloid solution was ﬁltered
using Advantec paper (0.45 μm membranes, cellulose acetate). Digested
samples were diluted to at least 1%TMAH concentration before they
were injected into the sp-ICP-MS, and 0.1% Triton X-100 was used to
dilute each injection to allow for the detection of single particles.

3.2. Recovery of single particle
To verify the accuracy of the single particle ICP-MS method, we
measured the recovery rate of AuNPs. AuNPs (100 μg/L) were added to
pure water, the alkaline blank tissue solution and the enzymatic blank
tissue solution. After normal alkaline digestion (Section 2.2) and enzyme digestion, solutions were diluted to the same concentration and
sp-ICP-MS analysis was performed to compare AuNP recoveries. The
recoveries were 95.9% and 103.6% in alkaline treatment solution and
enzyme treatment solution, respectively. The pretreatment process for
the three solutions and the particle size distributions of detected AuNPs
are shown in Fig. 1. There was no signiﬁcant change in particle size
distribution, and the recovery was in the normal range, indicating that
this method could be accurately used for AuNP detection.

2.4. Determination of total metal contents by ICP-MS
The total concentrations of various metals were determined by
subjecting the clam and oyster samples to acid digestion and quantifying with inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 8800, California, USA). Brieﬂy, two seafood tissue samples,
approximately 0.1 g each, were collected in 15 mL centrifuge digestion
tubes, and 1 mL nitric acid (65% HNO3) and 50 μL hydrogen peroxide
(30% H2O2) were added. All samples were digested in a constant
temperature water bath pot (Herry Tech HH-M6, Shanghai, China) at
90 °C for 1 h. All samples were ﬁltrated through 0.45 μm membrane
ﬁlters and were then diluted to 40 mL with ultrapure water. In total, 41
diﬀerent metals were detected in each tissue.

3.3. Total content of metal elements in clams and oyster sample
The total concentrations of 41 diﬀerent of elements, including
common metals (Al, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Mo), toxic elements
(Cr, Ga, Ge, As, Se, Sr, Cd, Sn, Sb, Ba, Hg), rare earth elements (Y, La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and others (Ag, W,
Pt, Au, Bi) were measured in the clam and oyster samples using ICP-MS.
As shown in Fig. 2, ten types of common metal elements (ranging from
347.2 to 53709.3 ng/g and 84.0–101681.7 ng/g), nine types of toxic
elements (ranging from 21.2 to 12802.3 ng/g and 5.0–5385.1 ng/g),
ﬁfteen types of rare earth elements (ranging from 1.1 to 284.4 ng/g and
1.7–127.3 ng/g) and three types of other elements (ranging from 17.3
to 181.0 ng/g and 3.7–293.2 ng/g) were detected in clam and oyster
samples, respectively. Sm was only detected in clams (11.8 ng/g). Another seven elements (Sn, Sb, Tb, Lu, Pt, Hg and Bi) were below the
detection limits in both types of seafood samples.
According to regulations set in place for foods (GB 2762–2017)
(GB2762-2017,2017) and agricultural products (GB, 18406.4–2001)
(GB18406.4–2001,2001) in China, the limits for Cr, Cu, Cd and in
shellﬁsh are 1.0, 50 and 2.0 (mg/kg). Limits of Ni, As, Hg in aquatic
meats and food are 1.0, 0.5, and 0.05 (mg/kg). The detected concentrations of these 6 kinds of metals in clams were 0.73 (Cr), 2.69
(Cu), 0.37 (Cd), 1.58 (Ni), 7.15 (As), and 0 (Hg) (mg/kg), and concentrations in oysters were 0.83 (Cr), 47.60 (Cu), 2.84 (Cd), 0.18 (Ni),

3. Results and discussion
3.1. Selection of digestion solution
To ﬁnd a suitable pretreatment method for the extraction of MNP
from shellﬁsh samples and eliminate background interference, we selected and optimized the particle extract solution. First, we tried two
digestion methods and found that alkaline digestion was faster and
more eﬀective for seafood tissue (please refer to S1). Then, we compared diﬀerent alkali solutions, and found there were diﬀerences in the
background concentrations of metal particles in TMAH reagents of the
same or diﬀerent grades from diﬀerent companies. We selected TMAH
from ﬁve diﬀerent companies (Japanese TCI, American Alfa Aesar,
Chinese Aladdin, Chinese Macklin, and Chinese Ronlabs) to compare
3
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Fig. 2. Total content of metal elements in clams (a) and oysters (b).

Both Y and Pr were only detected in sample 1, with mass concentrations
of 4.6 ng/g and 8.4 ng/g, accounting for 5.5% and 15.1% of the total
concentration, and demonstrating particle size distributions of
40 ± 4 nm and 36 ± 5 nm (Figure S5 and Figure S8).
Comparison of the two kinds of seafood nanoparticles detected,
indicated that the same lanthanide elements particles tended to occur in
the tested seafood. This may be because we tested seafood from the
same area. However, to the best of our knowledge, no published literature has reported the detection lanthanide nanoparticles in seafood
samples. In addition, there is currently a lack of relevant limit standards. Therefore, the detection of the lanthanide nanoparticles in our
study suggests that the concentrations of lanthanide and associated
nanoparticles in seafood should be of concern (Li et al., 2013).

4.54 (As), and 0 (Hg) (mg/kg). Therefore, we found that some metals
were present at concentrations beyond the standard limits in the tested
seafood (clams: Ni, As, oysters: As, Cd).
3.4. Analysis of metal nanoparticles in clams and oysters by sp-ICP-MS
Amongst the elements detected in this study, 20 (Co, Ni, Cu, Zn, Ge,
As, Se, Sr, Y, Mo, Ag, Cd, Ba, La, Ce, Pr, Nd, Gd, Dy, Er) were selected
for nanoparticle analysis by sp-ICP-MS. Samples were digested with
TMAH, diluted to appropriate concentrations for single particle analysis, and then signal response and particle size distribution was detected (a part of data are displayed in Figure S4-S10). Average NMP
sizes and size distributions were calculated by Gauss ﬁtting. 5 types of
metal nanoparticles (Y, La, Ce, Pr, Gd; concentrations ranging from
31.1 to 284.4 ng/g) were detected in clams and 5 types of metal nanoparticles (Y, La, Ce, Pr, and Nd; concentrations ranging from 11.6 to
127.3 ng/g) were detected in oysters, while nanoparticles of other
elements were not detected in these samples.
In the three clam sample tested, nanoparticles were detected in two.
A detailed distribution of metal nanoparticles, including particle mass,
proportion and concentration size are shown in Table 2. The ﬁve detected nanoparticles were all derived from rare earth elements. In
sample 3, the Ce nanoparticle (31.7 ng/g) had the highest concentration, accounting for 11% of the total, and the particle size distribution
was 51 ± 4 nm (Figure S7). Gd was only detected in one sample
(sample 3), with a mass concentration of 2.1 ng/g, accounting for 5.6%
of the total, and a particle size distribution of 44 ± 2 nm (Figure S9)
(see Table 3).
Opposed to what was observed in clams, Gd nanoparticles were not
detected in the three oyster samples. However, Nd nanoparticles were
detected, and the other detected nanoparticles (Y, La, Ce, Pr) were the
same as those detected in clams. These ﬁve detected nanoparticles were
also all rare earth elements. In sample 2 Ce particles were found to have
the highest concentration (19.7 ng/g), accounted for 13.1% of the total
content, and had a particle size distribution of 47 ± 4 nm (Figure S7).

3.5. Potential health risk of metals in clams and oyster
To estimate the potential health risks of the metals detected in the
clam and oyster tissues in this study, a widely used risk assessment
model was applied. According to the World Health Organization
(WHO)/Food and Agriculture Organization (FAO) (FAO, 2003), the
Estimated Weekly Intake (EWI) of seafood was estimated using the
following formula (Agusa et al., 2007):
EWI (mg /kg.bw) = c × FIR × 7 /WAB

(1)

where c is the metal content in food (mg/kg), FIR is daily food intake
rate (g/d), and WAB represents the average human weight (50 kg for an
Asian adult).
The Provisional Tolerable Weekly Intake values (PTWI) recommended for shellﬁsh by WHO/FAO were collected for Cr (0.4 mg/
kg), Fe (5.6 mg/kg), Cu (3.5 mg/kg), Zn (7.0 mg/kg), As (0.042 mg/
kg), Cd (0.007 mg/kg) and Hg (0.005 mg/kg). According to the estimation of weekly heavy metal intake (EWI) (Formula 1) the maximum
the daily Food Intake Rate (FIR) for the 6 metal characterized in this
study (Fig. 3) were calculated to be 4024 g/day (Cr), 863 g/day (Fe),
9438 g/day (Cu), 2002 g/day (Zn), 43 g/day (As), 154 g/day (Cd) in

Table 2
Mass concentration, particle mass ratio and particle size distribution in clams samples by sp-ICPMS.
Metal particles

Y
La
Ce
Pr
Gd

Sample 1

Sample 2

Sample 3

Mass (ng/g)

Mass ratio（100%）

Size (nm)

Mass (ng/g)

Mass ratio（100%）

Size (nm)

Mass (ng/g)

Mass ratio（100%）

Size (nm)

nd
nd
nd
nd
nd

nd
nd
nd
nd
nd

nd
nd
nd
nd
nd

2.4
21.6
5.9
0.6
nd

3.4
7.0
8.8
4.0
nd

42
40
46
40
nd

9.7
34.6
37.7
4.1
2.1

6.1
27.1
11.0
9.2
5.6

38
41
51
44
44

Note: nd means not detected.
4

±
±
±
±

5
4
4
5

±
±
±
±
±

5
4
4
5
2
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Table 3
Mass concentration and Particle mass ratio and particle size concentrated distribution in oyster samples by sp-ICPMS.
Metal particles

Y
La
Ce
Pr
Nd

Sample 1

Sample 2

Sample 3

Mass (ng/g)

Mass ratio（100%）

Size (nm)

Mass (ng/g)

Mass ratio（100%）

Size (nm)

Mass (ng/g)

Mass ratio（100%）

Size (nm)

4.6
15.0
12.9
8.4
4.2

5.5
50.0
46.0
15.1
16.2

40
40
46
37
56

nd
8.5
19.7
nd
nd

nd
9.5
13.1
nd
nd

nd
38 ± 5
47 ± 4
nd
nd

nd
5.4
7.1
nd
5.5

nd
13.5
19.7
nd
16.7

nd
35 ± 5
43 ± 4
nd
59 ± 6

±
±
±
±
±

4
5
4
3
6

Note: nd means not detected.

there are currently no standard limits for metal nanoparticles, especially rare earth elements, in seafood. Therefore, this issue should be
further studied, and more focus should be paid to the presence of metal
nanoparticles in consumable products in the future.
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Fig. 3. Maximum daily intake rate in clams and oysters base on PTWI.

Appendix A. Supplementary data

clams and 3509 g/day (Cr), 999 g/day (Fe), 560 g/day (Cu), 474 g/day
(Zn), 72 g/day (As), 21 g/day (Cd) in oysters. These metal concentrations exceed the recommended standard intakes for As and Cd. Furthermore, when accounting for a long-term shellﬁsh diet, Cu and Zn
were also found to be potentially harmful to human health. Overall,
concentrations of several detected metals (Cu, As, and Cd in clams; As
and Cd in oysters) were much higher than was reported 10 years ago in
Qingdao shellﬁsh (clams and oyster) (Cu: 2.4 mg/kg and 55.7 mg/kg,
As: 1.44 mg/kg and 0.16 mg/kg, Cd: 0.24 mg/kg and 2.23 mg/kg, Hg:
0.013 mg/kg and 0.054 mg/kg) ten years ago (Table S1) (Du et al.,
2009). Increased levels of toxic metals are clearly harmful to human
health.
However, China has diﬀerent views on the risk of rare earth metals
in food. The GB 2762-2017 standard had removed of rare earths in
foods, and it needs to be revised and improved. Because the toxicity of
rare earth elements is getting more and more attention in the environment (Zhang et al., 2013). This study shows that clams and oysters
can accumulate rare earth elements, which can be used as a basis for
assessing the health risks of rare earth metals in the future.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecoenv.2020.110670.
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