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Abstract

Microplastics can act as carriers of heavy metals and may enter humans through ingestion and threaten human health. How-
ever, the bioaccessibility of heavy metals associated with microplastics and its implications for human health risk assessments
are poorly understood. Therefore, in this study, four typical heavy metals (As(V), Cr(VI), Cd(Il), and Pb(II)) and one typi-
cal microplastic (polyvinyl chloride, PVC) were chosen to estimate the human health risk of microplastic-associated heavy
metals by incorporating bioaccessibility. Significant adsorption of heavy metals was observed with the following order for
adsorption capacity: Pb(II) > Cr(VI) > Cd(II) > As(V); the efficiencies for desorption of these four heavy metals from PVC
microplastics were all below 10%. The Fourier transform infrared spectroscopy results indicated that the functional groups
on the surface of the virgin PVC microplastics did not play an important role in the capture process. Heavy metals in both
gastric and small intestinal phases were prone to release from PVC microplastics when bioaccessibility was evaluated with
the in vitro SBRC (Soluble Bioavailability Research Consortium) digestion model. In addition, Pb(II) bioaccessibility in
the gastric phase was significantly higher than those in the other phases, while As(V), Cr(VI), and Cd(II) bioaccessibilities
showed the opposite trend. After incorporating bioaccessibility adjustments, the noncarcinogenic hazards and carcinogenic
risks determined were lower than those based on total metal contents. The individual hazard quotients (HQ) and carcino-
genic risks (CR) for ingestion of these four heavy metals from PVC microplastics were all lower than the threshold values
for adults and children. In summary, this study will provide a new view of the human health risks of heavy metals associated
with microplastics.
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Introduction

Plastics have been extensively used in a wide array of appli-
cations all over the world due to their durability, cost-effec-
tiveness, and versatility. However, long-term and large-scale
application of plastics and insufficient management and dis-
posal of their wastes have released enormous amounts of
these polymers into the environment and caused worldwide
plastic pollution (Gallo et al. 2018). Subsequently, plastics
can be broken down into tiny particles by a range of aging
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factors, such as UV radiation, physical weathering, bio-
degradation, and heat stress in the environment (Luo et al.
2022). Furthermore, the small particles of plastics are also
anthropogenically produced for personal care, household,
and industrial materials (Fendall and Sewell 2009). These
synthetic solid particles or polymeric matrices with sizes
ranging from 1 pm to 5 mm and of either primary or second-
ary manufacturing origin are defined as microplastics, and
microplastic pollution has gained global attention in recent
years (Frias et al. 2019).

Currently, microplastics are ubiquitous in almost all
matrices of the environment (Cao et al. 2021). Moreover,
plastics usually contain various hazardous chemical ingre-
dients and can adsorb a variety of contaminants from the
surrounding environment (Khalid et al. 2021). Among the
toxic contaminants adsorbed on microplastics, heavy metals
are key inorganic contaminants, and they exhibit biotoxicity
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enrichment and difficult biodegradation (Gupta et al. 2020;
Deore et al. 2021). Recently, both environmental monitor-
ing projects and laboratory experiments have confirmed that
microplastics have high affinities for heavy metals (Cao et al.
2021; Guo et al. 2021; Khalid et al. 2021). Most of the exist-
ing studies have focused on the behaviors, influencing fac-
tors, and mechanisms of heavy metal adsorption onto micro-
plastics (Gao et al. 2021; Kutralam-Muniasamy et al. 2021;
Liu et al. 2022; Luo et al. 2022). Moreover, microplastics
were recently reported to act as a vector for heavy metals
in aquatic and terrestrial systems and increase the chance
of their bioaccumulation in organisms (Brennecke et al.
2016; Bradney et al. 2019; Abbasi et al. 2020; Godoy et al.
2019; Naqash et al. 2020). Furthermore, desorption of heavy
metals from microplastics in the environments and guts of
organisms that inadvertently ingest microplastics can cause
microplastics to pose more risks of heavy metals (Munier
and Bendell 2018; Zhu et al. 2018). In particular, significant
exposure of humans to microplastics has been verified with
water, food, and so on (Cox et al. 2019; Ebere et al. 2019;
Smith et al. 2018). It could be easily expected that micro-
plastics could provide a pathway for transfer of heavy metals
from the environment to the food chain and even to human
bodies. Hence, the human health risks of heavy metals asso-
ciated with microplastics should be considered.

Classical determinations of human health risks from
heavy metals are usually based on the total content of
heavy metals and use of the human health risk assessment
(HHRA) model developed by the US Environmental Protec-
tion Agency (USEPA 1996) and the Dutch National Insti-
tute of Public Health and Environmental Protection (Van
den Berg 1995). However, an assessment based on total
content may lead to overestimation of the health risk and
may also identify high-risk sources and priority pollutants
inaccurately (Liu et al. 2019). This is mainly because only
some of the total heavy metal content ingested is bioacces-
sible to humans. In particular, previous studies have clearly
shown that only some of the heavy metal content is desorbed
from microplastics in the guts of marine birds (Holmes et al.
2020) as well as terrestrial invertebrates (Hodson et al.
2017). To this end, bioaccessibility of heavy metals derived
from in vitro simulation of the human gastrointestinal tract
is considered reliable in quantifying the risk to organisms
of the presence of microplastics. However, information on
the bioaccessibility of microplastic-associated heavy met-
als is quite limited (Liao et al. 2020; Godoy et al. 2020),
as is information on the implications for human health risk
assessments.

Arsenic, chromium, cadmium, and lead are the most com-
mon toxic heavy metals, which can enter the food web caus-
ing a threat to human health. Therefore, in this study, these
four typical heavy metals (As(V), Cr(VI), Cd(II), and Pb(II))
and one typical microplastic (polyvinyl chloride, PVC) were
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chosen to incorporate the bioaccessibility of heavy metals
into a human health risk assessment for microplastic-asso-
ciated heavy metals. First, the adsorption and desorption
behaviors of these four heavy metals with PVC microplastics
were investigated. Second, the bioaccessibility of heavy met-
als from PVC microplastics was determined by introducing
the in vitro SBRC (Soluble Bioavailability Research Con-
sortium) model. Finally, both the noncarcinogenic hazard
and carcinogenic risk for heavy metals were assessed by
incorporating bioaccessibility.

Materials and methods
Microplastic particles

PVC microplastics with a mean particle diameter of 150 pm
were purchased from Dongguan Qingtian Plastic Products
Co., Ltd. (Guangdong, China). The microplastics were puri-
fied by shaking with 10% HNO; (liquid—solid ratio=1:50
w/v) for 48 h and then treated with ultrasound for 30 min to
remove potential heavy metals on the surface. After separa-
tion with a filter paper (medium speed, pore size 30-50 pm),
microplastics were air-dried and then stored for subsequent
experiments.

Adsorption experiments

Adsorption experiments were carried out to simulate adsorp-
tion of the heavy metals onto microplastic in natural water.
First, 100 pg-L~! stock solutions with the pH of 7.0 of four
heavy metals (As(V), Cr(VI), Cd(Il), and Pb(Il)) were sepa-
rately prepared by dilution of the 1000 pg-L~! standard solu-
tions. Second, PVC microplastics were added to the heavy
metal stock solutions (1:300 w/v) in 50-mL centrifuge tubes
and then shaken at 150 rpm and 25 °C (Liao et al., 2020).
Six time points (1, 3, 6, 12, 24, and 48 h) were chosen to
determine the equilibrium time for adsorption of heavy met-
als on PVC microplastics. Third, the solutions were cen-
trifuged at 4000 rpm for 10 min and then filtered through
0.45-pm filters. Finally, the concentrations of heavy metals
in the filtrates were determined with an inductively coupled
plasma-mass spectrometer (ICP-MS; Agilent 7800, Agilent
Technologies, USA) at the Instrumental Analysis Center of
Huagiao University. The detection limits for As, Cr, Cd, and
Pb were 0.01523, 0.01814, 0.01340, and 0.01225 pg-L~",
respectively. As a control, adsorption studies with PVC
microplastics were conducted in ultra-pure water under the
same conditions. All treatments were conducted in triplicate.
The adsorption capacities of PVC for As(V), Cr(VI), Cd(I),
and Pb(II) were calculated based on the following Eq. (1):
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where g, is the amount of heavy metals adsorbed on PVC
microplastics at a predetermined time (pg-g~"); C,and C, are
the initial and equilibrium concentrations of heavy metals
(ug-L™"); Vis the volume of the solution (L); and W is the
mass of PVC microplastics (g).

In addition, a scaled-up study of heavy metal (As(V),
Cr(VI), Cd(II), and Pb(II)) adsorption on PVC microplastics
was also conducted to prepare heavy metal-loaded micro-
plastics for subsequent desorption and in vitro digestion
studies. The adsorption time was set as the determined equi-
librium time to ensure maximum As(V), Cr(VI), Cd(II), and
Pb(II) adsorption on PVC microplastics. Scaled-up adsorp-
tion in ultra-pure water was also conducted for control. Fur-
thermore, the PVC microplastics before and after As(V),
Cr(VI), Cd(II), and Pb(II) adsorption were characterized
by Fourier transform infrared spectroscopy (FTIR, Nicolet
iS50, Thermo Fisher, USA) to better understand the adsorp-
tion processes.

Desorption experiments

To estimate release of the four heavy metals from polluted
PVC microplastics, As(V), Cr(VI), Cd(II), and Pb(II)-loaded
PVC microplastics were added to 0.01 M CaCl, solution
(1:100 w/v) and then shaken at 150 rpm at 25 °C. The des-
orption time was set as 24 h, which was equal to the dura-
tion of food digestion in the normal human gut, to make
the desorption results comparable (Liao et al. 2020). After
filtration through 0.45-pm filters, the balanced solutions
were analyzed for As, Cr, Cd, and Pb by using ICP-MS.
The desorption amounts were calculated based on Eq. (2):
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where ¢,” is the amount of heavy metals desorbed from PVC
microplastics (pg-g~"); C, is the concentration of As(V),
Cr(VI), Cd(II), and Pb(II) in the solution at 24 h (pg'L_l);
V is the volume of the solution (L); and W is the mass of
microplastics (g).

Bioaccessibility of heavy metals on PVC
microplastics

Bioaccessibilities of the four heavy metals on PVC micro-
plastics were determined using in vitro SBRC gastrointes-
tinal models, including both the gastric and small intestinal
phases (Feng et al. 2018). Gastric juice was prepared by
dissolving 45.045 g of glycine in 1500 mL ultra-pure water,
and the pH was subsequently adjusted to 1.5 by dropwise

addition of HCI. For juice from the small intestine, a high
concentration of concentrated solution was prepared (0.875 g
cholate and 2.5 g trypsin were added to 10 mL). The pH of
the solution was adjusted to 7.0 with saturated sodium car-
bonate solution (Na,CO;) (Wen et al. 2020). Briefly, the
simulated in vitro digestion process was initiated by adding
4 mL of artificial gastric juice to 0.04 g of PVC microplas-
tics, and the mixture was shaken at 37 °C and 100 rpm for
1 h to represent digestion in the gastric phase. Then, 80 pL
of highly concentrated small intestine solution was added
to the mixture, and the mixture was further shaken at 37 °C
and 100 rpm for another 4 h to represent digestion in the
small intestine. After digestion, the mixture was centrifuged
at 12,000 rpm for 2 min, and the supernatants were filtered
through a 0.45-pm filter. Heavy metal concentrations were
measured with ICP-MS. The bioaccessibility of heavy met-
als was calculated as the percentage of the metal contents in
the soluble fraction relative to the total concentration on the
microplastics (Ruby et al. 1999) using Eq. (3):

C
BA (%) = —

total

x 100% 3)

where BA is the bioaccessibility (%), C, is the dissolved con-
centration of heavy metals in the gastric or small intestinal
phase (ug-g™"), and C,, is the total concentration of heavy
metals on microplastics (pg-g~ ).

Health risk assessment of heavy metals on PVC

To evaluate the human health hazard of the four heavy met-
als on PVC microplastics, both the noncarcinogenic and car-
cinogenic risks resulting from ingestion were assessed with
the modified human health risk assessment (HHRA) model
based on bioaccessibility (Yu and Yang 2019). For the risk
assessment, the average daily intake (ADD, mg-kg™!-day~)
of heavy metals on PVC microplastics was first calculated
using Eq. (4):

¢ X IngR X EF X ED
BW x AT

ADD = x 107 4)

where c is the total concentration of the four heavy metals
on PVC microplastics (mg-kg™"); IngR is the ingestion rate,
which was estimated as 714 mg-day~! and 449 mg-day~! for
adults and children, respectively; EF is the exposure fre-
quency, which was set as 350 day™'; and ED is the exposure
duration. According to the Ministry of Ecology and Envi-
ronment of the People’s Republic of China, the exposure
durations were set as 6 years and 24 years for children and
adults, respectively; BW is the average body weight, which
was set as 18.9 kg for children and 58.3 kg for adults; AT is
the averaging time (for noncarcinogenic risk: ED X 365 days;
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for carcinogenic risk: 70 x 365 days); and 1 X 107% is the con-
version factor (Table S1).

The noncarcinogenic risks due to ingestion of As(V),
Cr(VI), Cd(II), and Pb(II) on PVC microplastics were
assessed based on the hazard quotient (HQ), which was cal-
culated using Eq. (5):

HQ = ADD x BA / RfD (5)

where ADD is the average daily intake of heavy metals on
PVC microplastics (mg kg~ day~!); BA is the bioaccessi-
bility of As(V), Cr(VI), Cd(II), and Pb(II) on PVC micro-
plastics; and RfD is the reference dose of daily intake. The
RfDs for As(V), Cr(VI), Cd(II), and Pb(II) are 3.0x 107*,
3.0x1073,1.0x 1073, and 3.5x 10~ mg-(kg-day)~!, respec-
tively (Table S2). When the HQ value < 1, there is no non-
carcinogenic risk to humans. The HQ value > 1 indicates that
the level of exposure is likely to cause chronic noncarcino-
genic risks (USEPA 2016).

Since only As(V) and Cr(VI) were considered carci-
nogenic through ingestion, the carcinogenic risk (CR) for
ingestion of As(V) and Cr(VI) on PVC microplastics was
calculated using Eq. (6):

CR = ADD x BA X SF ©6)

where ADD is the average daily intake of the four heavy
metals on PVC microplastics (mg kg~! day™!); BA is the
bioaccessibility of As(V) and Cr(VI) on PVC microplastics;
and SF is the carcinogenic slope factor. The SFs for As(V)
and Cr(VI) are 1.5 and 5.0 x 107! kg-day-mg~"!, respec-
tively (Table S2). When the CR value < 1.0 x 107°, there
is no carcinogenic risk to humans. When CR> 1.0 X 1074,
there is carcinogenic risk to humans. The CR value between
1.0 x 107~ 1.0 x 10~* indicates a carcinogenic risk within
the acceptable range.

Statistical analysis

All experiments were conducted in triplicate, and all the
data are presented as the means + standard deviation (SD).
Analysis of variance (ANOVA) was performed with SPSS
20.0. All illustrations were drawn with Origin 2018.

Results and discussion

Adsorption and desorption of heavy metals on PVC
microplastics

The adsorption capacities of PVC microplastics for heavy
metals (As(V), Cr(VI), Cd(I), and Pb(II)) at different
adsorption times are shown in Fig. 1. The amounts of these
four heavy metals adsorbed by the PVC microplastics
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Fig.1 The adsorption capacity of heavy metals on PVC microplas-
tics. Error bars represent the standard deviation of triplicates. Values
with different letters differ significantly (p<0.05)

increased rapidly in the initial phase (1 ~6 h). The adsorption
amounts did not increase significantly over time after 24 h,
indicating that dynamic equilibrium was achieved. These
results revealed that the interactions between heavy metals
and PVC microplastics were relatively fast, which was pos-
sibly because the heavy metals were mainly adsorbed on
the outer surfaces of the microplastic particles (Gao et al.
2019) and the even and chemically clean surfaces of virgin
microplastics (Liao et al. 2020). Similarly, many other stud-
ies also noted that adsorption of heavy metals (e.g., Cd(II)
and Pb(II)) by microplastics reached equilibrium within 24 h
(Lang et al. 2020; Liao et al. 2020; Tang et al. 2020; Shen
et al. 2021). In addition, the maximum capacity for adsorp-
tion of Pb (1.869 pg-g~!) on PVC microplastics was signifi-
cantly higher than those of the other three heavy metals (Cr
(1.184 pg-g™"), Cd (1.117 pg-g™"), and As (0.833 pg-g™h) (¢
test, p <0.05). Metal adsorption presumably proceeded via
electrostatic interactions between the metal ions and charged
or polar regions of the microplastic surface (Holmes et al.
2012). Usually, As(V) and Cr(VI) exist as oxyanions (e.g.,
AsO,*" and Cr0,>"), while Cd(IT) and Pb(II) exist as biva-
lent cations (e.g., Pb>" and Cd**). In addition, the low zeta
potential of PVC microplastics was indicated in previous
reports, which showed negatively charged microplastic sur-
faces (Jiang et al. 2020; Wang et al. 2020). Therefore, it is
reasonable to expect microplastics with negative charges to
facilitate adsorption of cationic metals due to electrostatic
attractions (Gao et al. 2021). Furthermore, the electrostatic
adsorption affinities of heavy metals with equal charges are
inversely related to the hydrated ion radius (Saha et al. 2002;
Covelo et al. 2011). Therefore, Pb?>*, which has a smaller
hydrated ionic radius (0.401 nm) than Cd** (0.426 nm),
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unsurprisingly showed a higher capacity for adsorption on
PVC microplastics (Zou et al. 2020). To better understand
the adsorption mechanisms, and especially the interactions
between metals and PVC microplastics, FTIR spectra for
PVC microplastics were compared with those determined
after loading As(V), Cr(VI), Cd(II), and Pb(Il) (Figure
S1). The appearance of a series of peaks between 500 and
3000 cm™! suggested numerous C-H stretching and C—Cl
stretching vibrations of the PVC microplastics (Table S3).
However, there was no significant difference in the FTIR
spectra of PVC microplastics measured before and after
capture of As(V), Cr(VI), Cd(II), and Pb(II), which could
indicate that the functional groups on the surface of virgin
PVC microplastics did not play an important role in the cap-
ture process. However, the capture process of natural-aged
microplastics was mainly controlled by the organic films
containing oxygen functional groups rather than their own
structures, which may explain why the heavy metal adsorp-
tion capacities determined herein for virgin microplastics
were lower than those of a previous study using aged micro-
plastics (Fu et al. 2021).

Desorption capacities of these four heavy metals from
PVC microplastics were also determined in CaCl, solution.
As shown in Fig. 2, after 24 h of desorption, the amounts of
As(V), Cr(VI), Cd(I), and Pb(II) released from PVC micro-
plastics were 0.010 pg-g~", 0.023 pg-g~!, 0.009 pg-g~!, and
0.155 pg-g~!, respectively. Notably, the heavy metal desorp-
tion ratios for all these heavy metals were less than 10%.
Therefore, the high adsorption and low desorption capacities
for heavy metals on PVC microplastics suggested that PVC
may be capable of accumulating heavy metals effectively
and carrying them into the environment and even transfer-
ring them along the food chain. These results were in agree-
ment with those of previous studies showing that microplas-
tics can act as a vector for heavy metals and increase levels
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Fig.2 The desorption capacity of heavy metals from PVC microplas-
tics. Error bars represent the standard deviation of triplicates

in organisms within both aquatic and terrestrial environ-
ments, which may result in the additional potential for toxic-
ity (Brennecke et al. 2016; Hodson et al. 2017; Godoy et al.
2019). Furthermore, the bioaccessibilities of heavy metals
adsorbed on PVC microplastics were further determined by
simulating a human gastrointestinal tract to develop a more
accurate human health risk assessment, and this is discussed
in the following sections.

Bioaccessibility of heavy metals from PVC
microplastics

The bioaccessibilities of heavy metals (As(V), Cr(VI),
Cd(II), and Pb(Il)) from PVC microplastics were estimated
by using both gastric and small intestinal phases of the
SBRC assay. As shown in Fig. 3, the average As, Cr, Cd,
and Pb bioaccessibilities in PVC microplastics in both the
gastric phase and small intestinal phase were higher than
the corresponding desorption ratios in the CaCl, solu-
tion. This suggested that PVC microplastics were prone
to release more heavy metals into the gastrointestinal fluid
than into the CaCl, solution, and they could thus serve as
vectors transporting heavy metals into the human digestive
system. Similarly, desorption of both inorganic (e.g., Zn)
and organic pollutants (e.g., phenanthrene, perfluoroocta-
noic acid, and ethylhexyl phthalate) was enhanced under
simulated gut conditions (Bakir et al. 2014; Hodson et al.
2017). Remarkably, significant increases (p < 0.05) in As,
Cr, and Cd and a decrease (p < 0.05) in Pb bioaccessibility
were observed from the gastric phase (pH 1.5) to the small
intestinal phase (pH 7.0) of the SBRC assay. Since Cr(VI)
and As(V) compounds existed as oxyanions and were mainly

[ gastric phase

small intestinal phase
a

10.0

7.5

5.0 1

bioaccessibility (%)

2.5

0.0

As(V) Cr(V1) cd(l Pb(ll)

Fig. 3 Bioaccessibility of heavy metals from PVC microplastics in
the gastric and small intestinal phases of SBRC model. Error bars
represent the standard deviation of triplicates. Values with different
letters differ significantly (p<0.05)
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negatively charged, the negative potential on the surface of
PVC microplastics would be increased with a higher solution
pH. Therefore, the higher pH in juice from the small intestine
could inactivate the adherence of As(V) and Cr(VI) on PVC
microplastics and lead to extensive As(V) and Cr(VI) desorp-
tion from the surface, which may be the dominant reason for
the increased As and Cr bioaccessibility in neutral intestinal
conditions (Jiang et al. 2020; Wang et al. 2020). Similarly,
the capacity for adsorption of Cr(VI) on PE microplastics
also decreased as the pH was adjusted from 1.6 to 8.9 (Zhang
et al. 2020). In contrast, the higher Pb bioaccessibility in
the gastric phase could be attributed to the high acid condi-
tion, which may enhance adsorption of Pb** cations on PVC
microplastics. More importantly, as a cation, Pb could easily
precipitate under neutral intestinal conditions. In particular,
the solubility of Pb acetate was reported to decrease from
100% at pH 1.5 in the gastric phase to 14% at pH 7.0 in the
small intestine phase of the SBRC assay (Juhasz et al. 2009).
Thus, Pb precipitation is likely responsible for the decreased
bioaccessibility of Pb on PVC microplastics, as indicated
by the small intestinal phase of the SBRC assay. However,
although Cd(II) also existed as a divalent cation, Cd bioac-
cessibility increased in the small intestinal phase of the SBRC
assay, which suggested that the increase in pH may not cause
a significant decrease in the capacity of PVC microplastics
to adsorb Cd?* cations. In accordance with this, Zhou et al.
(2020) reported that Cd(II) adsorption onto microplastics first
increased and then gradually decreased with increasing solu-
tion pH, and charge repulsion may have inhibited adsorption.
Additionally, fluid for the small intestine phase consisted of
bile and pancreatin, which can serve as biosurfactants and
complexants to dissolve Cr and increase its bioaccessibility

in the small intestine (Maldonado-Valderrama et al. 2011;
Zhang et al. 2018).

Human health risk assessment for heavy metals
from PVC microplastics

Since PVC microplastics can transport heavy metals to human
digestive systems, both the noncarcinogenic hazards and carcino-
genic risks were characterized for children and adults (Table 1).
Although PVC microplastics showed the highest adsorp-
tion capacity for Pb, the noncarcinogenic HQs of individual
heavy metals based on the total heavy metal concentrations
from PVC microplastics decreased in the order As(V)>Cd
(II) > PbI) > Cr(VI) due to the high toxicities of As(V) and
CddI). Moreover, As(V), Cr(VI), Cd(I), and Pb(II) HQs
for both adults and children were much lower than the safe
level (< 1.0), indicating that ingestion of PVC microplastics
containing As(V), Cr(VI), Cd(II), and Pb(II) will not pose
a noncarcinogenic risk to humans. In determining carcino-
genic risks, only As(V) and Cr(VI) were included. The mean
CRs for adults were 5.03 x 107 for As(V) and 2.38x 107>
for Cr(VI), and those for children were 2.44 x 107° for As(V)
and 1.16 x 107> for Cr(VI), which indicated that As con-
tributed most to the overall cancer risk for children. Fur-
thermore, since all of the mean CR values for both adults
and children exceeded the precautionary criterion (107%),
the carcinogenic risks for oral ingestion of heavy metals,
especially As(V), from microplastics need attention.
Furthermore, human health risks have been widely
reported to be overestimated by using total heavy metal
contents (Luo et al. 2012; Li et al. 2018; Liu et al. 2019; Ma
et al. 2021); thus, risk assessments incorporating the in vitro

Table 1T Noncarcinogenic Adults Children

hazard quotient (HQ) and

carcinogenic risk (CR) of heavy Noncarcinogenic risk

metals on PVC microplastics HQ; HQg gp HQp 1 HQr HQp gp HQpp
As 3.26x1072 5.58x107* 1.27x1073 6.32x 1072 1.08x 1073 247x1073
Cr 4.63%x1073 9.86x 1073 3.19x 107 8.99x1073 1.91x107* 6.19x 107
cd 1.31x1072 6.05x107° 4.82x107* 2.54%1072 1.17x107* 9.35%10™
Pb 6.27x1073 6.38x107* 3.68x 107~ 1.22x1072 1.24x1073 7.13%107*
Carcinogenic risk

CRT CRB-GP CRB-IP CRT CRB»GP CRB-IP

As 5.03x107° 8.61x1078 1.96x1077 2.44%107° 4.17x1078 9.52x107®
Cr 2.38x107° 5.07x1078 1.64x1077 1.16x107¢ 2.46x1078 7.96x1078

Note: HQp, HQg_gp, and HQg p are the noncarcinogenic risk based on total (HQp) and bioaccessible con-
centrations in the gastric (HQg_gp) and small intestinal phases (HQg_p) of heavy metals on PVC microplas-
tics, respectively. The values for noncarcinogenic risk larger than the threshold value (1) were marked in
bold. CRy, CRg_ gp, and CRy jp are the noncarcinogenic risk based on total (CRy) and bioaccessible concen-
trations in the gastric (CRg_gp) and small intestinal phases (CRg_jp) of heavy metals on PVC microplastics,
respectively. The values for carcinogenic risk larger than the threshold value (10~%) were marked in bold
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bioaccessibility of heavy metals from PVC microplastics
were also performed. It is not surprising that all the HQ
and CR values based on the bioaccessible fractions in both
gastric and small intestinal phases were lower than the cor-
responding values determined by using total concentrations.
Interestingly, the order of HQs changed after adjustment
with bioaccessibility in the gastric phase to Pb(I) > As(V)
> Cr(VI) > Cd(II), and Pb was identified as the main driver
of noncarcinogenic risk. This order could be explained by
noting that Pb(IT) had highest bioaccessibility in the gastric
phase. Moreover, after incorporating the bioaccessibilities
of heavy metals, all of the CR values for both adults and
children were lower than the precautionary criterion (107°),
and the carcinogenic risk from each individual heavy metal
was predicted to be negligible.

It must be noted that the negligible health risks deter-
mined in this study were based on the use of PVC microplas-
tics from the laboratory adsorption experiment to simulate
microplastic adsorption of heavy metals in natural water,
and this was done to reduce interferences from other factors
as much as possible. However, the different types, densi-
ties, shapes, and particle sizes of microplastics vary in the
amounts of heavy metals they contain or can adsorb from
the environment (Li et al. 2020; Naqash et al. 2020; Cao
et al. 2021; Khalid et al. 2021). For instance, Pb concen-
trations determined for foamed polyurethane (PU) plastics
from Whitsand Bay reached 16,000 pg-g~! (Turner and Lau
2016), which may result in tremendous health risks. Further-
more, small, especially nanosized, plastic particles could be
capable of absorbing higher concentrations of heavy metals
and could also cross cell membranes and enter the circu-
latory systems of organisms (Davranche et al. 2019; Shen
et al. 2019). Likewise, aging/weathering could also increase
the adsorption capacity of microplastics for heavy metals
(Wagner et al. 2014; Mao et al. 2020; Fu et al. 2021), which
may lead to more significant health risks. Therefore, due to
the complexity of microplastic-associated heavy metals, this
study preliminarily explored the use of an in vitro gastroin-
testinal model for assessment of human health risks due to
heavy metals from microplastics. A more comprehensive
approach for evaluating the risks and hazard potentials of
heavy metals adsorbed on microplastics with various proper-
ties should be considered from this perspective.

Conclusions

The results of this study revealed significant adsorption of
heavy metals, especially Pb(II), on microplastics. Desorption
of heavy metals from PVC microplastics was negligible in
CaCl, solution, which guaranteed accumulation of heavy met-
als on PVC microplastics. In the SBRC in vitro model, the
heavy metals, especially Pb(Il) in the gastric phase, tended

to be desorbed more efficiently from PVC microplastics, and
this indicated relatively high oral bioaccessibility of heavy
metals. These results suggested that PVC microplastics could
accumulate heavy metals in heavy metal-contaminated aquatic
environments and then migrate and release them in the human
digestive system. Moreover, carcinogenic risks were detected
in the human health risk assessment for oral ingestion of both
Cr(VI) and As(V) from microplastics when total contents were
used, but no significant noncarcinogenic or carcinogenic risks
were observed for heavy metals after incorporating bioacces-
sibility adjustments. Overall, this study provides insights into
assessments of human health risks arising for heavy metals
associated with microplastics. In particular, due to increased
use of plastics in healthcare during the current COVID-19 pan-
demic, more representative microplastics with different prop-
erties (e.g., type, size, shape, and weathered/aging condition)
and more realistic exposure scenarios should be taken into
account to allow for better health risk assessments.
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