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Introduction: Studies have shown that microplastics (MPs) and nanoplastics (NPs) could accumulate in the human body and pose
a potential threat to human health. The purpose of this study is to evaluate the biodistribution and toxicity of MPs/NPs with different
particle sizes comprehensively and thoroughly.

Methods: The purpose of this study was to investigate the biodistribution and in vivo toxicity of polystyrene (PS) MPs/NPs with
different sizes (50 nm, 100 nm, and 500 nm). The BALB/c mice were given 100 pL of PS50, PS100 and PS500 at the dosage of 1 mg/kg
BW or 10 mg/kg BW, respectively, by gavage once a day. After 28 consecutive days of treatment, the biodistribution of differently sized
PS MPs/NPs was determined through cryosection fluorescence microscopy and fluorescent microplate reader analysis, and the
subsequent effects of differently sized PS MPs/NPs on histopathology, hematology and blood biochemistry were also evaluated.
Results: The results showed that the three different sizes of PS MPs/NPs were distributed in the organs of mice, mainly in the liver,
spleen, and intestine. At the same time, the smaller the particle size, the more they accumulate in the body and more easily penetrate
the tissue. During the whole observation period, no abnormal behavior and weight change were observed. The results of H&E staining
showed that no severe histopathological abnormalities were observed in the main organs in the low-dose exposure group, while.
Exposure of three sizes of PS MPs/NPs could cause some changes in hematological parameters or biochemical parameters related to
heart, liver, and kidney function; meanwhile, there were size- and dose-dependencies.

Conclusion: The biological distribution and toxicity of plastic particles in mice were more obvious with the decrease of particle size
and the increase of concentration of plastic particles. Compared with MPs, NPs were easier to enter the tissues and produce changes in
liver, kidney, and heart functions. Therefore, more attention should be paid to the toxicity of NPs.
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Introduction

Plastic has become an indispensable material worldwide with a wide range of applications. It is predicted that approximately
12 billion tons of plastic will be released into the natural environment by 2050." Most waste plastics are incinerated or buried
in landfills, and then continuously fragmented into microplastics (MPs, with a diameter less than 5 mm) and nanoplastics
(NPs, with a diameter less than 0.1 pm) through weathering, ultraviolet radiation, external damage, or biodegradation,
ultimately causing serious pollution to the global environment.> * Currently, MPs have been found in soil, water, air, and even
in remote areas of the Arctic and Antarctica.” Due to their excellent stability, small size and degradation resistance, MPs could
accumulate in living organisms upon ingestion, and then enter the human body along with the food chain and food web,
causing potential hazards to human health.®” In addition, some daily necessities and living habits of human beings may also
cause direct contact and uptake of MPs and NPs. It is reported that MPs and NPs have been detected in human stool, placenta
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and lung.®'* Nevertheless, the knowledge of the potential biological effects following exposure to MPs and NPs in mammal
and human remains remarkably limited.

Waste plastic particles may enter the human body through food, skin, and respiration. Recent studies have found that
plastic packaging for drinking water and food is the main source of human contact with plastic particles.'’ Although MPs
mainly enter human body through digestive tract, their absorption rate in the intestine is very low, and most of them are
excreted through feces.'” Yan et al detected plastic particles of different sizes and shapes in human feces and found that the
fecal MP concentration in patients with inflammatory bowel disease was significantly higher than that in healthy
individuals."® Unlike MPs, NPs have smaller dimensions, larger specific surface area, and more active interactions with
cell membranes. They are more likely to pass through various biological barriers and be transported by body fluids to various
tissues and organs throughout the body, accumulating and causing functional impairments.'*'> PS is a widely used thermal
insulation plastic, especially in disposable drinking cups, packaging bag, electronic products and personal care products.'®
Kopatz et al orally administered polystyrene micro/nanoparticles (PS MPs/NPs) of different sizes (9.55 um, 1.14 pm, 0.293
pum) to mice, and found that 0.293 um PS particles could penetrate the blood—brain barrier and enter brain tissue only 2 hours
after gavage, which may increase the risk of inflammation, neurological disorders, and neurodegenerative diseases.'’

Analogous to most micro and nano materials, the size, composition, morphology, aging time, and surface properties of
plastic particles are closely related to the adverse effects on organisms. Among them, particle size is the most important factor
determining biological distribution and degree of damage of particles.'® It is generally believed that nanoparticles with smaller
sizes and higher specific surface area may be more toxic to living organisms due to their strong biological penetration power.
Zhou et al exposed white legged shrimp to water containing PS MPs four different sizes (0.1, 1.0, 5.0, or 20.0 um) and found
that the intake and excretion of PS MPs had a size-dependent effect, smaller particles were more bioavailable, and exhibited
greater histopathological damage to the intestine and gills of the shrimp.'? Plastic particles ingested through the digestive tract
will enter the circulatory system and distribute in various tissues and organs, and its distribution range is related to particle
size.”’ When the particle diameter was less than 150 pm, it is likely to cross the intestinal mucosal barrier, and only particles
with the diameter less than 1.5 pum can be transported to deeper tissues.”'*> When the particle size of plastic particles is less
than 200 nm, it is easier to accumulate in liver, lung, spleen, kidney and other organs. However, nanoparticles smaller than 10
nm will be rapidly filtered by glomerulus and excreted with urine.*~*

Previous studies have shown that MPs and NPs could accumulate in organisms and distribute in the liver, spleen, lung,
blood, and testis.>>*® Meanwhile, with the decrease of particle size, the absorption and biological distribution of plastic
particles in organisms increased.”’*® In addition, relevant studies have found that NPs can cause toxic effects on marine and
freshwater species, including bacteria, including planarians, zebrafish and fathead minnows.*’ ! However, current research
on the toxicity of PS MPs/NPs mainly focuses on single sizes with different exposure doses or surface modifications, or using
in vitro cell model or simple model organisms, which limits the prediction of potential toxicity of MPs and NPs to mammals,
especially humans. Thus, it is crucial to investigate the distribution and potential toxicity of MPs/NPs with different particle
sizes in mammalian models and to compare the differences of distribution and toxicity of different particle sizes in organisms.

In the present study, three different sizes of commercial PS particles with the same surface properties were selected to
evaluate the in vivo distribution and biological toxicity. After 28 days of continuous gavage to mice, the distribution,
behavior, body weight, organ coefficient, hematological parameters, serum biochemical parameters, and organ histo-
pathology of the animal models in different-size PS MPs/NPs groups were detected and compared. Our research may
provide a better understanding of the toxic effects of MPs/NPs at the mammalian level, and provide important insights
into the potential risks of plastic particles of different sizes to human health.

Materials and Methods
Characterization of PS MPs/NPs

Three kinds of PS micro- and nanoplastics used in this study were purchased from Zhongke Leiming Company (Beijing,
China). The sizes of the three PS particles were 50 nm (PS50), 100 nm (PS100), and 500 nm (PS500), respectively, and
they had the same surface modification (carboxyl) and fluorescence spectra (emission wavelength: 660—-680 nm). The
size and morphology of the three sizes of PS MPs/NPs were confirmed by scanning electron microscope (SEM, MIRA
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LMS, TESCAN, Czech Republic). The dispersion properties of the three sizes of PS MPs/NPs were analyzed by
assessing the zeta-potential and hydrodynamic diameter using a dynamic light scattering (DLS) instrument (SZ-100,
HORIBA, Japan).

Animals Care

A total of seventy healthy BALB/c mice (four weeks old) were purchased from Baishitong Animal Breeding Center
(Zhuhai, China). The mice were raised in plastic cages with padding in a ventilated, temperature controlled and
standardized sterile animal room, with 12 hours day/aperture. All animals were housed and acclimated the animal
facility for 7 days prior to experimentation, and food and water were provided ad libitum. All operations in this study
comply with the standards and requirements of the Experimental Animal Center of Guangdong Medical University and
have been approved by the Animal Ethics Committee of Guangdong Medical University (Permit No. GDY2204042).

Animal Treatments and Sample Collection

Before intragastric administration, mice were randomly divided into 7 groups and three different particle sizes of PS
MPs/NPs were prepared in different doses with ultrapure water. The specific grouping was as follows: (1) PS50 high-
dose group (PS-50H), treated with 10 mg/kg BW (body weight) PS50; (2) PS50 low-dose group (PS50-L), treated with
1 mg/kg BW PS50; (3) PS100 high-dose group (PS100-H), treated with 10 mg/kg BW PS100; (4) PS100 low-dose group
(PS100-L), treated with 1 mg/kg BW PS100; (5) PS high-dose group (PS500-H), treated with 10 mg/kg BW PS500; (6)
PS500 low-dose group (PS500-L), treated with 1 mg/kg BW PS500; (7) Control group, treated with ultrapure water. The
mice were given a volume of 100 uL PS solution by gavage once a day for 28 consecutive days. The control group was
orally given the same volume of ultrapure water. The survival status, food intake, fur, behavior, mental state, urine, feces,
and weight of each mouse were recorded daily. After continuous gavage for 28 days, the mice were euthanized and
dissected. Approximately 50 pL of blood was collected into an anticoagulant tube for blood routine examination. The
remaining blood was collected using a coagulation promoting tube and then centrifuged to obtain serum for blood
biochemical analysis. The main organs (heart, liver, spleen, lung, kidney, brain, testis, intestine) were divided into three
parts. Part of the tissue was fixed with 10% formalin for the evaluation of histopathological changes. Another part was
embedded in optimal cutting temperature compound (OCT, Sakura Finetek, USA) for tissue fluorescence imaging. We
immediately frozen the remaining tissue samples in liquid nitrogen and then stored them at —80°C.

Cryosection Fluorescence Microscopy

After 28 days of gavage treatment, the heart, liver, spleen, lung, kidney, brain, testis and intestine of each mouse were
collected, embedded into OCT compound and frozen at —80°C. The tissue frozen section was cut into 5 um thick by
freezing microtome (CM3050S, Leica, Germany). The accumulation and distribution of PS in various tissues were
observed by fluorescence microscope (BZ-X800LE, KEYENCE, Japan).

Quantification of Uptake in Organs

The liver, spleen, kidney, testis, and intestine of each mouse were cut and accurately weighed after draining the surface
water. Take appropriate samples of organs and tissues, blot away excess surface moisture, and precisely weigh them.
Based on the weight, tissue lysis solution (Beyotime) is introduced into the grinding apparatus to thoroughly disintegrate
the organs and tissues. The fluorescent microplate reader (Infinite E Plex, TECAN, Switzerland) was utilized to detect the
readings of each homogenate.

Histopathological Examination

Major organs of each mouse were fixed in 10% formalin. After gradient dehydration with different concentrations of
alcohol in an automatic tissue dehydrator (APS3008S, Leica, Germany), these tissues were embedded in paraffin blocks by
paraffin embedding station (Leica, Germany), and then cut into 5-um sections and stained by hematoxylin and eosin
(H&E). The H&E staining of heart, liver, spleen, lung, kidney, brain, intestine, and testis was scanned by Digital
Pathology Scanner (Aperio GT 450, Leica, Germany), and the histopathological changes were evaluated.
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Hematology Analysis

Blood samples were collected from the posterior orbital venous plexus of mice after the mice were anaesthetized. About
50 pL blood was collected in pre-prepared tubes of heparin sodium, and then routine blood analysis was determined by
a fully automated hematology analyzer (BC-2600Vet, Mindray Medical International Limited, China). These hematolo-
gical indicators have been tested as follows, white blood cell (WBC) count, neutrophils (Neu) count, lymphocyte (Lym)
count, red blood cell (RBC) count, hematocrit (HCT), mean corpuscular volume (MCV), hemoglobin concentration
(HGB), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC), platelet (PLT)
count, thromboplastin (PCT) and mean platelet volume (MPV).

Serum Biochemical Analysis

The whole blood of mice was collected in disposable venous blood vessels containing separating gel and the serum was
obtained by centrifugation for 15 min at 4°C, 1150 g. The serum biochemical parameters were detected by automatic
blood biochemical analyzer (BS-220, Mindray Medical International Limited, China). All matching reagents were
purchased from Mindray Medical International Limited, China. The specific biochemical indexes in this study included
alanine aminotransferase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), total protein (TP), albumin
(ALB), globulin (GLB), creatine kinase (CK), lactate dehydrogenase (LDH), triglyceride (TG), total cholesterol (TC),
high-density lipoprotein (HDL-C), low-density lipoprotein (LDL-C), glucose (GLU), uric acid (UA), creatinine (CREA)
and urea (UREA).

Statistical Analysis

All statistical analysis was performed with the SPSS25.0 statistical software and the figures were drawn with GraphPad
Prism software package. Data were presented as mean + standard deviation (SD), and the statistical difference was
analyzed by one-way analysis of variance (ANOVA). The results were considered statistically significant if P<0.05.

Results

Characterization of PS MPs/NPs

SEM was used to observe the size, shape, and morphology of the three types of PS MPs/NPs. The representative images
were shown in Figure 1A—C. The three types of PS MPs/NPs were spherical shape with the diameter approximately 50,
100 and 500 nm. The hydrodynamic size distribution and zeta potential of these three sizes of PS MPs/NPs were also
investigated and the results were shown in Figure 1D—F. The hydrodynamic diameter of PS50, PS100 and PS500 was
(83.10 = 3.01) nm, (132.08 £ 6.22) nm, and (490.13 + 11.89) nm, respectively. The zeta potential of the three PS MPs/
NPs was (=17.90 £ 0.42) mV, (—16.70 = 1.41) mV and (—17.75 £ 0.92) mV, respectively. The photoluminescence (PL)
spectra and UV—vis spectra were shown in Figure S1. The emission peak of the three PS MPs/NPs was about 660—-680
nm following excitation at 580 nm, and there was also a UV absorption peak at 650 nm.

Biodistribution of PS MPs/NPs in Mice

After PS MPs/NP was administered into mice by gavage, its biodistribution might be affected by particle size. In order to
compare the distribution of PS MPs/NPs with different sizes in mice, cryosection fluorescence microscopy was used and
the representative fluorescence images of main tissues from mice treated with 10 mg/kg BW or 1 mg/kg BW PS50,
PS100 and PS500 at 28 days are shown in Figures 2 and 3, respectively. The bright and uniform red fluorescence from
three types of PS particles could be observed in almost all intestinal and splenic sections and showed a significant dose-
dependent effect. The three sizes of PS particles could also be observed in liver and heart tissue sections, but their
intensity was weaker than that in the intestine and spleen. Only PS50 could be observed in renal and testicular tissue
sections, while three types of PS MPs/NPs could not be observed in brain and lung tissues. It indicated that PS50, PS100
and PS500 could pass through the intestinal barrier and were transported to organs throughout the body with blood. Three
different sizes of PS particles were mainly accumulated in the intestine, spleen, liver, and heart, while the smaller
particles, PS50 could be distributed in deeper tissues such as testis and kidney.
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Figure | Characterization of three PS MPs/NPs with different sizes. (A=C) SEM image of PS50, PS100, and PS500, respectively (scale bar: 200 nm). (D-F) The
hydrodynamic diameter of PS50, PS100, and PS500 dispersed in deionized water.
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Figure 2 Fluorescence images of heart, spleen, liver and lung tissues after treated with different sizes of PS MPs/NPs (scale bar: 100 pm)

In order to accurately quantify the accumulation of the three PS MPs/NPs in the main organs with obvious fluorescent
signals, the fluorescence intensity of tissue and organ homogenate of mice treated with different particle sizes of PS MPs/
NPs was measured by microplate reader. The results were shown in Figure 4A—E. Compared with the control group, the
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Figure 3 Fluorescence images of kidney, brain, testis and intestine tissues after treated with different sizes of PS MPs/NPs (scale bar: 100 um).
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Figure 4 The main tissue fluorescence intensity and body weight of mice after treated with different sizes of PS MPs/NPs for 28 days. (A) Fluorescence intensity of liver
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Notes: *P<0.05, *P<0.01 and ***P<0.001, Significantly different compared to control group. *P<0.05, #P<0.01, Significant differences among the treatment groups with
different particle sizes at the same exposure dose.
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fluorescence intensity of the high-dose group treated with three different sizes of PS MPs/NPs in the intestinal and spleen
tissues was significantly increased, and the fluorescence results were consistent with the frozen section. In addition, the
fluorescence intensity of kidney tissue in the high-dose group treated with PS50 was significantly higher than that in the
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high-dose groups treated with PS100 and PS500. Overall, the fluorescence intensity detection results of tissue homo-
genate were basically consistent with the trend of image changes in frozen section fluorescence microscopy.

Body Weight and Organ Coefficient

After intragastric administration of PS MPs/NPs once a day, the behavior, food intake, feces and urine of mice were observed
and recorded. No mice died throughout the entire experiment. No remarkable changes were observed in behavior, mental
status, food intake, and fur after exposure of PS MPs/NPs. The body weight of mice was constantly recorded for 28 days and
the statistics are shown in Figure 4F. No significant difference was observed in the growth trend of body weight among
different PS treated groups and the control group. The mice were sacrificed at 28 days, and main organs were collected and
weighted. The organ coefficient was calculated as the organ weight divided by body weight, and the data are shown in
Figure 5. Only the high-dose treatment groups of PS50, PS100, and PS500 showed significantly higher intestinal organ
coefficient than that in the low-dose group and control group. No significant statistical differences were observed in other
organ coefficients, including the heart, liver, spleen, lung, kidney, brain, and testis among different PS treated groups and the
control group. These results indicated that though the three sizes of PS MPs/NP may not significantly affect the growth and
development of mice, high doses of PS may have adverse effects on the intestine of mice.

Histopathological Examination Results After PS MPs/NPs Treatment

Although the three sizes of PS MPs/NPs did not have a significant effect on the weight of mice, they could accumulate in
the main organs after 28 days of exposure. Histopathological evaluation was performed to evaluate the tissue damage
caused by PS MPs/NPs exposure. The representative histological results are shown in Figures 6 and S2. Compared with
the control group, in the heart tissue, the high-dose group treated with PS50 showed small areas of calcified lesion in the
epicardium (blue arrow), connective tissue proliferation with a small amount of lymphocyte infiltration (black arrow) and
the high-dose group treated with PS100 also showed a small amount of lymphocyte infiltration (black arrow). Hepatocyte
edema degeneration (black arrow) and hepatocyte steatosis (blue arrow) were observed in the liver tissue of the high-dose
group treated with PS50. Mild hydronephrosis of renal tubular epithelial cells could be observed in the renal tissue of the
high-dose groups treated with PS50 and PS100 (black arrow). No significant histopathological changes were observed in
the main organs of all low-dose PS50, PS100, and PS500 groups, as well as high-dose PS500 groups. The above results
indicated that high-dose PS50 caused the most relevant histopathological damage in mice, followed by PS100, and
PS500 exhibited almost no significant damage.
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Figure 5 The main organ coefficients of mice after treated with different sizes of PS MPs/NPs for 28 days.
Note: **P<0.01, significantly different compared to control group.
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Figure 6 Representative histological images of major organs including heart, liver, spleen, lung, kidney, brain, testis and intestine tissues after treated with different sizes of
PS MPs/NPs (scale bar: 100 um).

Hematology Analysis After PS MPs/NPs Treatment

Since the three PS MPs/NPs will remain in vivo for a long time, the changes of blood cells could reflect some
pathological reactions induced by PS MPs/NPs. Blood routine test was conducted and the results are shown in
Figure 7. Compared with the control group, the WBC, Neu counts, and Lym counts of mice both in high-dose and low-
dose PS100 treatment groups were significantly reduced after 28 days of gavage. The levels of HGB and MCH in high-
dose PS50 group were significantly higher than those in other groups. The PLT levels in PS50-H and PS100-H groups
and the PCT levels in the three high-dose groups were remarkably lower than those in control group (P < 0.05). No
significant differences were found in the other parameters. The above results indicated that high-dose PS of three sizes
could cause damage to platelet hematological indicators. In addition, PS100 might cause damage to the immune system
in the body, and high dose of PS50 had adverse effects on hemoglobin.

Serum Biochemical Analysis After PS MPs/NPs Treatment

Serum biochemistry tests were performed to observe the effects of different sizes of PS MPs/NPs on the biological
functions of major organs, and results are presented in Figure 8. Among the liver-related indicators, levels of TP, ALB,
TC and HDL-C in both high-dose PS50 and PS100 treated-groups were significantly lower than those in the control
group, while only TP and ALB levels decreased in the high-dose PS500 treatment group when compared with the control
group. Additionally, low doses of PS50 and PS100 also lead to a decrease in TP, TC, and HDL-C levels, but no
significant changes were observed in all blood biochemical parameters in the low-dose PS500 group. There were no
significant differences in ALT, AST, ALP, GLB, TG and LDL-C levels among all PS-treated groups and the control
group. Heart function indexes including CK and LDH of all mice were measured and the results are shown in Figure 8L
and M. CK levels were significantly increased in the high-dose groups treated with three different sizes of PS MPs/NPs,
while LDH levels were only significantly increased in the high-dose groups treated with PS50 and PS100. Meanwhile,
low-dose PS50 treatment could also lead to an increase in serum CK levels in mice when compared with the control
group. Furthermore, kidney function indexes including UA, UREA and CREA of all mice were also detected, and the
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Figure 7 Hematological results of mice after treated with different sizes of PS MPs/NPs. (A) White blood cells (WBC) counts. (B) Neutrophils (NEU) counts. (C)
Lymphocytes (Lym) counts. (D) Red blood cell (RBC) counts. (E) Hematocrit (HCT) levels. (F) Mean corpuscular volume (MCV) levels. (G) Hemoglobin concentration
(HGB) levels. (H) Mean corpuscular hemoglobin (MCH) levels. (I) Mean corpuscular hemoglobin concentration (MCHC). (J) Platelet (PLT) counts. (K) Thrombopoietin
(PCT) levels. (L) Mean platelet volume (MPV) levels. Results were presented as means * SD. Statistical analysis was done by one way ANOVA.

Note: *P<0.05, **P<0.01 and ***P<0.001, significantly different compared to control group.

results were shown in Figure 8N—P. CREA levels were significantly increased in the high-dose groups treated with three
different sizes of PS MPs/NPs, while UREA levels were only significantly increased in the high-dose groups treated with
PS50. Three low-dose PS MPs/NPs with different sizes also did not have a significant impact on renal function
indicators. The above results indicated that the three sizes of PS MPs/NPs could cause varying degrees of damage in
liver, kidney, and heart functions of mice, and there were size- and dose-dependencies. With the size decreased or the
dosage increased, the toxicity of PS MPs/NPs to mice increased.

Discussion
Plastic may be degraded into MPs in diameter, and further into NPs in diameter. NPs have been detected in air, soil, water
and sludge.*® Research has shown that PS MPs/NPs could enter the human body directly or through the food chain. In the
aquatic food chain, MPs and NPs undergo bioaccumulation after being ingested by organisms such as fish and marine
mammals and will also be transported through the nutritional level.*>** Therefore, it is very important to understand the
accumulation and toxicity of MPs/NPs for human health. Up to now, there are few studies on the toxicity and distribution
of PS MPs/NPs, and these studies have basically been carried out by simple model organisms (zebrafish or turbellarian
worm) or cell lines in vitro. The mammalian model is the most ideal model for systematically evaluating the toxicity and
distribution of exogenous chemicals, as their biological structures are very close to those of humans. Therefore, BALB/c
mice were used in this study to evaluate the biodistribution and toxicity of PS MPs/NPs, and the impact of particle size
on toxicity was thoroughly and comprehensively studied.

It is well known that the toxicity of exogenous chemicals in vivo is related to many factors, such as dosage, exposure
time, route of administration, immune clearance ability of the body. For micro and nanomaterials, the chemical physical
properties such as particle size, surface charge, material composition, surface modification, and hydrophilicity largely
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Figure 8 Serum biochemical results of three particle sizes of PS in mice after intragastric administration for 28 days. (A) Alanine aminotransferase (ALT) levels. (B)
Aspartate transaminase (AST) levels. (C) Alkaline phosphatase (ALP) levels. (D) Total protein (TP) levels. (E) Albumin (ALB) levels. (F) Globulin (GLB) levels. (G)
Triglyceride (TG) levels. (H) Total cholesterol (TC) levels. (I) High-density lipoprotein (HDL-C) levels. (J) Low-density lipoprotein (LDL-C) levels. (K) Glucose (GLU) levels.
(L) Creatine kinase (CK) levels. (M) Lactate dehydrogenase (LDH) levels. (N) Uric acid (UA) levels. (O) Creatinine (CREA) levels. (P) Urea levels.

Notes: *P<0.05, **P<0.01 and **P<0.001, significantly different compared to control group. “*P<0.001, significant differences among the treatment groups with different
particle sizes at the same exposure dose.

determine their biodistribution and toxicity.>> >’ Among them, particle size is one of the most effective factors affecting
the biodistribution and toxicity.>> In order to reveal the difference between the effects of NPs and MPs on human health,
the accumulation and toxicity of PS with different particle sizes in various organs and tissues of mice were analyzed after
28 days of continuous exposure. Previous studies have shown that MPs can accumulate in the intestine, and the digestive
tract is also considered to be the main exposure route of PS MPs/NPs.*® Therefore, we established the method of
intragastric administration to construct the mouse model after PS MPs/NPs exposure. According to relevant literature
reports, the mean of the sum quantifiable concentration of plastic particles in blood was 1.6 pg/mL.'% As the total blood
volume of a 70 kg healthy adult is about 4900 mL, the total plastic particles is 7840 pg by calculation, and the actual
human exposure is about 0.112 mg/kg body weight. According to the biological safety factors of different species, the
exposure doses of 1 mg/kg and 10 mg/kg were selected in this study, which were 10 times and 100 times higher than the
human exposure dose. Based on plastic particles exposed to humans daily and the accumulation in the body, the exposure
dose was determined in the present study. The tissue biodistribution and toxicity in different organs of PS MPs/NPs with
different sizes (50 nm, 100 nm, 500 nm) and doses (10 mg/kg BW, 1 mg/kg BW) were systematically studied in BALB/c
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mice after intragastric administration for 28 days, which help us make up for the lack of toxicity study of PS MPs/NPs in
mammals.

The biodistribution and accumulation of PS MPs/NPs are the key parameters to evaluate their toxicity in vivo.*®
Several studies have reported that the biodistribution of PS MPs/NPs in animal models is significantly dependent on
particle size. Lu et al reported that 5 pm diameter PS-MPs accumulated in fish gills, liver, and gut after 7 days of
exposure, while larger-sized 20 um diameter PS-MPs accumulated only in fish gills and gut and no particles were found
in liver.*® Torres-Ruiz et al demonstrated that NP accumulation depended on the particle size. Smaller NP could reach
internal organs (brain, eyes, liver, pancreas, heart) but larger (>200 nm) accumulated mainly in gut, gills and skin.*’
Zitouni et al reported that the concentration of particles >3 pm was higher in the gills, while particles ranging from 3 to
0.45 um were most likely to be accumulated in the guts and livers, and there were significant differences in the tissue
distribution of particles with different sizes.*' In this study, cryosection fluorescence microscopy and microplate reader
were utilized to detect the distribution of the three sizes of PS MPs/NPs in mice after intragastric administration for 28
days. Bright and uniform red fluorescence from three sizes of PS MPs/NPs could be observed in the frozen sections of
most organs, and the fluorescence intensity of intestinal tract was the highest. Furthermore, the fluorescence intensity of
organs in PS50 and PS100 treated-groups was higher than that in PS500 treated-group. The results showed that the three
sizes of PS MPs/NPs first entered the digestive tract through gastrointestinal tissue and then distributed in the heart, liver,
spleen, kidney and intestine with blood circulation. Among them, PS50 and PS100 groups were more widely distributed
and accumulated. In order to avoid the interference of environmental factors and tissue self-fluorescence on the
fluorescence signal of frozen sections, the fluorescence intensity of PS in the homogenate of five organs (liver, spleen,
kidney, brain, and intestine) was measured by a fluorescence reader, and the results were basically consistent with the
fluorescence images of the tissues. In the experiment, we also found that the fluorescence intensity was detected in the
lysate and organ tissue background, which would bring some interference to the experiment. However, due to the same
organ and tissue quality and test conditions, the control group can also be used as a standard reference. This indicated that
the distribution of plastic particles in the body had a significant particle size dependence, and compared to MPs, NPs with
smaller particle sizes were more likely to penetrate biological barriers and distribute in major organs.

As the three sizes of PS MPs/NPs could accumulate in the main organs of mice from the results of fluorescence imaging,
more attention should be paid to the biological toxicity caused by their distribution and accumulation. In the present study,
histopathological examination, hematology, and serum biochemical analysis were performed. Although the growth, mental
state, and weight of the mice did not change after 28 days of exposure to different sizes of PS MPs/NPs, the high-dose groups
of three particle sizes could increase the intestinal organ coefficient in mice. HE et al observed a decrease in duodenal villus
length and crypt depth in mice treated with 102 nm of PS NPs.** Therefore, the increase of the intestinal organ coefficient may
be due to intestinal permeability leading to intestinal cell hydronephrosis. However, no obvious intestinal cell damage was
observed by H&E staining, indicating that PS MPs/NPs had limited effect on intestinal injury.

According to the analysis of hematological results, the WBC counts of the high-dose and low-dose groups treated
with PS100 were significantly reduced. It has been reported that lower WBC is usually associated with a weak immune
system in human beings.** PS100 may cause damage to the immune system of mice. Platelet-related indexes (PLT, PCT)
in PS50 and PS100 groups were significantly decreased, indicating that nanoplastics may cause coagulation dysfunction.
Furthermore, it was found that HGB and MCHC increased significantly in PS50-H group, changes to erythrocyte content,
hematocrit values, and hemoglobin concentrations reflect the defense mechanisms to stress caused by exposure to
environmental toxicity. The relative increase of hemoglobin may also be due to the loss of water in plasma and the
concentration of blood, resulting in the relative increase of red blood cells and hemoglobin.**

Zhu et al unveils that cardiac toxicity of PS MPs/NPs included abnormal heart rate, cardiac function impairment,
pericardial edema, and myocardial fibrosis. Cardiovascular toxicity was determined by the properties (type, size, surface,
and structure) of MPs/NPs, exposure dose and duration.*’ Lu et al found that zebrafish hepatocytes in MP treatment group had
early inflammatory reactions, such as vacuolation, infiltration and necrosis.*® However, due to the different species and
exposed particle sizes, the nanoplastics represented by PS50 and PS100 in this study will cause pathological damage to the
liver. Although many hepatotoxicity studies have shown that the liver may be the main target organ of nanomaterials, the
difference of liver injury in mice caused by the three particle sizes has not been reported before. Tang et al found that PS NPs
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caused tubular lumen narrowing, tubular epithelial cell detachment and vacuolar degeneration.*’ In this study, PS50 may
penetrate the renal tissue and cause pathological damage to the kidney. In the blood biochemical indicators, the accumulation
of three sizes of PS MPs/NPs in tissues will lead to liver function damage. The increase of AST, ALT and LDH levels and the
decrease of ALB levels can reflect the damage of hepatocytes and liver function. In addition, the decrease of TC and HDL-C
after PS50 and PS100 treated-groups indicated that PS NPs exposure induced lipid metabolism disorder. In addition, the
decrease of TC and HDL-C after PS50 and PS100 treatment groups indicated that PS NPs exposure induced lipid metabolism
disorder. Meanwhile, representative H&E image of liver also showed steatosis of liver cells. Hepatocyte steatosis is
a phenotype often observed under inflammatory conditions and is used as the index of inflammatory response.*® As
a result, NP exposure may cause inflammatory response, which leading to liver lipid disorder. Glucose levels are maintained
through homeostasis, by balancing glucose production with the storage of glucose as glycogen.*’ In PS50-H treated-group,
there is a significant increase in GLU, and it is likely that the fatty degeneration of liver cells causes glucose metabolism
disorder.”® In this study, exposure to high-dose PS resulted in slightly increased cardiac injury index CK and LDH. Previous
studies have also demonstrated that PS MPs/NPs affected cardiac functions and caused toxicity on (micro)vascular sites. In
addition, histopathological analysis also showed that the heart structure of PS50-H and PS100-H treated-groups was slightly
damaged. Exposure to high doses of PS with three particle sizes can cause kidney damage in mice. The increase of creatinine
and urea levels showed that the renal function was impaired.”’ Mild hydronephrosis of renal tubular epithelial cells was also
observed in the renal histological images of PS50-H and PS100-H treated-groups. These results indicated that PS MPs/NPs
exposure is likely to cause decrease in kidney function.

In this study, BALB/c mice were gavage with the three sizes of PS MPs/NPs for 28 days. The results indicated that
three different sizes of PS could be distributed in the main organs of mice and lead to mild changes in biochemical
indicators and pathological damage of liver, kidney, and heart function. No significant toxicological changes were
observed in this study. This may be due to the 28 days exposure period was not be long enough. It may be necessary to
choose longer exposure time to evaluate the potential toxicity and damage of plastics to the body. In conclusion, the size
of PS MPs/NPs is an important factor affecting the accumulation and biological toxicity in mice.

Conclusion

In this study, the biodistribution and toxicity of PS MPs/NPs with different particle sizes in BALB/c mice were
evaluated systematically. PS MPs/NPs with three particle sizes could accumulate in main tissues and organs of
mice. At the same time, the smaller the particle size, the more it accumulates in the body and the wider its
distribution. In addition, PS NPs can cause more obvious pathological changes in the heart, liver and kidney of
mice than PS MPs, and affect the serum biochemical indexes related to these organs. In conclusion, this study
shows that different particle sizes of PS cause different distribution and toxicity in mice, which helps to pay more
attention to the potential adverse effects of nanoplastics on human health.
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