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Abstract

Microplastics are emerging contaminants that have been detected recently in most environmental and biological systems, yet
their health risk for humans has not been clearly summarized. Here we review human health risk associated with exposure
to microplastics with focus on methods of exposure assessment, hazard identification, dose-response assessment, exposure
assessment, and risk characterization. Hazards include direct hazards, hazards from contaminants released by microplastics,
and hazards from microplastic interactions with surrounding contaminants. Microplastics trigger oxidative stress, disrupt
metabolism, interfere with gut microflora and gastrointestinal functions, disrupt hepatic, cardiopulmonary and immune
systems, and degrade reproductive health. Some additives leached from microplastics such as phthalates are endocrine
disruptors and thus impact reproductive health. The interaction of microplastics with other pollutants in the environment
induces varied hazards following synergistic or antagonistic effects.
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Introduction

The ubiquitous presence of microplastics in the environ-
ment is raising global attention. Microplastics can be termed
either primary microplastics or secondary microplastics,
with the former originating from microbeads in personal
care products, microfibers from synthetic fabrics and wear-
ing of vehicle tires for instance, while the latter deriving
from the breakdown of large plastic items entering the envi-
ronment. Microplastics can enter water and soil directly or
be distributed by wind and rain into different spheres of the
environment (Fig. 1) (Tang 2022). In the atmospheric envi-
ronment, microplastics have been detected in both indoor
and outdoor air. Microplastics concentrations of 1 particle/
m? to 1583 particles/m® have been reported in the indoor
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environment (Zhao et al. 2023). Microplastics deposition
rates between 22 fibers/m*/day and 9900 particles/m*/day
were observed indoor (Soltani et al. 2021; Zhang et al.
2020). In the outdoor environment, the concentration of
suspended microplastics could be as high as 2.84 particles/
m?. Microplastics deposition was even higher with 154,000
particles/L of snow reported in some European cities and
up to 14,400 particles/L retrieved from the Arctic snow
samples, indicating that microplastics have permeated the
remote regions of the world (Bergmann et al. 2023; Tang
2023a). In some instances, microplastics in the indoor envi-
ronment are higher than those outdoor due to indoor sources
such as synthetic clothing as well as the surface finishes of
household items and furniture which release microplastics
upon wear and tear. Besides, outdoor microplastics could
drift indoor and are deposited due to the slower airflow of
the indoor environment and the presence of items acting as
interceptors of airborne MP (Dris et al. 2017; Kacprzak and
Tijing 2022).

Microplastics are widely present in various waterbodies
(Fig. 1). A study on the microplastics in the sediment and
water samples of the North Sea revealed the presence of
microplastics in all the samples with concentrations ranging
from 0.1 to 245.4 particles/m® and 2.8—1188.8 particles/kg
in the water and sediment samples, respectively. Majority
of the microplastics in the samples were of sizes < 100 ym
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Aquatic and terrestrial
plastic pollution

Fig.1 Aquatic and terrestrial plastic pollution has resulted in the
entry of microplastics into the food chain. Microplastics have polluted
various food items consumed by humans. Humans are also exposed

(Lorenz et al. 2019). Microplastics were also detected in
remote marine environment such as the water of the Arctic
Central Basin with their concentrations varying at different
depths from the surface. The Polar Mixed Layer contained
the highest abundance of microplastics of 0-375 particles/
m? followed by the deep and bottom water (0-104 parti-
cles/m®) (Kanhai et al. 2020). Unsurprisingly, the presence
of microplastics has been reported for freshwater environ-
ments at widely varying concentrations. Sediment and sur-
face water samples of the Wei River in China were found
to contain 1020 particles/L (0.918 g/L) of microplastics
in comparison with those of the Taihu Lake in China with
123 particles/L (Su et al. 2016). In Australia, surface water
samples taken from the Maribyrnong and Yarra Rivers
contained an average of 2868 particles/L or 2.5803 g/L of
microplastics, while sediment samples from the Bloukrans
River contained an average of 240 particles/L (0.216 g/L) of
microplastics (Kowalczyk et al. 2017; Nel et al. 2019). Con-
tamination of the freshwater environment by microplastics is
partly attributed to surface runoffs containing microplastics
(Tang 2023b; Helcoski et al. 2020; Weber and Opp 2020).
The environmental prevalence of microplastics has led
to their entry into food chains (Fig. 1). Jabeen et al. (2017)
revealed the presence of microplastics and mesoplastics
in various seawater fish sold in fish markets in Shanghai.
Another study by Markic et al. (2018) also highlighted the
presence of marine plastics in 33 of the 34 species of com-
mercial fish sampled at an abundance of 2.4 particles per
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Inhalation of microplastics in the air

Microplastics enter the food chain
and are ingested by humans

Organs affected by microplastic
exposure

to airborne microplastics. The entry of microplastics to human body
is evident through their detection in human feces. The exposure to
microplastics could adversely affect multiple organs

fish. In addition, analysis of single-use polyethylene tere-
phthalate (PET)-bottled water samples in Bangkok, Thai-
land, showed microplastics of > 50 pm amounting to 140
particles/L, while samples of glass bottled water in Germany
contained 6292 particles/L of microplastics sized>5 pm
(Kankanige and Babel 2020; OBmann et al. 2018). Micro-
plastics concentrations in salt samples varied regionally with
12 particles/kg reported for sea salt samples in Bulgaria,
550-680 particles/kg for those in China and 1400 particles/
kg for samples in Indonesia (Kim et al. 2018). With micro-
plastics in human food, human exposure to microplastics is
inevitable (Fig. 1). Evidence has pointed to the detection of
microplastics in human specimens. A study on the abun-
dance of microplastics in human feces revealed 20 parti-
cles of microplastics per 10 g of stool samples collected in
Vienna, Australia (Schwabl et al. 2019). Human exposure to
airborne microplastics was indicated through a study on the
lung tissue samples taken from Sao Paulo, Brazil, unveiling
an average microplastic abundance of 0.59 particles per g of
lung tissues or 470 particles per lung (Amato-Lourenco et al.
2021) (Fig. 1). However, few studies are devoted to assess-
ing the risk associated with human exposure to microplas-
tics. Most current studies on microplastics risk assessment
focus on the ecological aspect (Redondo-Hasselerharm et al.
2023; Chau et al. 2023). There was a preliminary attempt
to assess human exposure to microplastics through intake
of microplastics-contaminated food (Lin et al. 2022). How-
ever, the health risk was not characterized. To fill in the
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gap, this review aims to present a preliminary assessment of
health risk related to human exposure to microplastics with
published exposure and chemical data using a conservative
approach. It has the novelty of integrating various published
data on the concentrations of microplastics in air, drink-
ing water and food items, their exposure through ingestion
and inhalation primarily, and the toxicity of microplastics
to conduct a conservative risk assessment, which has rarely
been included in previous studies on human health effects
of microplastics.

Human risk assessment

Human health risk assessment typically comprises four
steps, namely hazard identification, dose—response assess-
ment, exposure assessment, and risk characterization. Haz-
ard identification involves the identification of whether expo-
sure to microplastics and the common chemicals leached
from microplastics could lead to adverse health effects
(Zhang et al. 2023). This was accomplished through a review
of the relevant literature related to the hazards of microplas-
tics, as well as the hazards resulted from plastic additives
leached from microplastics and the interactions of micro-
plastics with pollutants mainly in the aqueous environment.
Dose-response assessment revolves around an evaluation of
the likelihood of developing a response or adverse effect as a
function of the dose administered (Zhang et al. 2023). This
paper presents the toxicological or safe doses of microplas-
tics as well as the common plastic additives in microplastics
through a literature review.

During exposure assessment, human exposure to micro-
plastics is typically calculated with respect to the extent,
frequency and duration of such exposure (Senathirajah
et al. 2021). A typical equation used for this calculation is
E=CXRXT, where E is the exposure (in mg or pg), C is the
concentration of the chemical in the medium of exposure (in
mg/L or ug/L for water, mg/m> or ug/m? for air, mg/kg or pg/
kg for soil or food), R is the intake rate or contact rate of the
medium of exposure (in L/day for water, m*/day for air, kg/
day for soil or food, cm?/day for skin) and T is the duration
of exposure (in days) (US EPA 2019). In this section, the
sources of microplastics and the major exposure pathways
were described. A literature review was conducted to obtain
the exposure or intake rates of microplastics through the
major pathways. Finally, during risk characterization, the
nature of risk was evaluated with reference to the toxico-
logical/safe doses of microplastics and the exposure rates
(Zhang et al. 2023). A conservative approach using global
averages and higher exposure rates to capture the worst-case
scenarios, as well as an uncertainty factor of 100, was used
in assessing the risk. A conservative approach is akin to
Tier O of risk assessment of the Organization for Economic

Cooperation and Development where all types of microplas-
tics were considered as a group of substance without mak-
ing distinction of the toxicities of different types, shapes
and sizes of microplastics. In fact, it is shown in subsequent
hazard identification that different types of microplastics
might have similar toxic effects, particularly the effects
on reproductive health and the gastrointestinal system. An
uncertainty factor of 100 is typically used to generate safe
values or reference doses for human exposure from studies
conducted on animals (Walton et al. 2001). This is according
to the Reference Dose: Description and Use in Health Risk
Assessments published by the US Environmental Protection
Agency, which provides guidance on the use of uncertainty
factors in deriving reference doses. An uncertainty factor of
100 has been assumed to account for both the differences in
species and the variability in human sensitivity to the toxic
effects of a chemical. The uncertainty factor of 100 is usu-
ally the product of two tenfold factors: one for interspecies
differences and one for human variability (US EPA 2023).
The risk was qualitatively described.

In essence, a literature review was conducted for the first
three parts of the risk assessment with these inclusion cri-
teria for the articles reviewed: 1) The articles must be peer-
reviewed, scholarly in nature and written in English; 2) The
articles must be published in the past 10 years; 3) The arti-
cles on hazard identification address the hazards of micro-
plastics alone, the hazards of common additives in micro-
plastics or the hazards from the interactions of microplastics
with other pollutants in the environment; 4) The articles
on dose-response assessment must present or suggest the
toxicological doses of microplastics or the common plastic
additives explicitly; 5) The articles on exposure assessment
must present the exposure rates through the major exposure
pathways. First, literature search was conducted using schol-
arly journal databases comprising Web of Science, PubMed,
Scopus, and ScienceDirect, with key phrases consisting of
health impacts, microplastics, cell lines, animal models,
in vitro, in vivo, health risk assessment, and a combination
of the key phrases such as health impacts of microplastics
on animal models. An initial search yielded 434 articles.
After screening with inclusion criteria 1 and 2 above, 257
articles remained. Further article selection by skimming of
the abstracts and texts using criteria 3, 4 and 5 yielded 121
articles. These articles were included in this review.

Hazard identification

The hazard of microplastics on human has not been well-
characterized, and the current studies on microplastic haz-
ards rely predominantly on those conducted on animal mod-
els. While multiple studies have been conducted on aquatic
organisms to examine the potential impacts of microplastics
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on their physiological functions and morphology, few have
been conducted on higher mammals, resulting in limited
information available to enable reliable assessment of micro-
plastics impacts on human health. More studies on human
cell lines and epidemiological studies based on human
exposure are necessary to provide human-specific impacts
of microplastics. Though data from experimental studies on
human subjects would be most representative, these studies
face significant ethical issues and challenges in the recruit-
ment of subjects. Therefore, human health impacts of micro-
plastics are frequently extrapolated from studies on animal
models. Such extrapolation could be limited by the signifi-
cant differences in the metabolism and toxicokinetics of a
chemical between animal species and humans, which may
affect the relevance of the observed effects (Domenech and
Marcos 2021). The hazards associated with microplastics are
frequently related to those of the microplastics themselves,
those of the chemicals leached from the microplastics and
those resulted from the interactions of microplastics with
other pollutants in the environment. To better understand
the deleterious effects of microplastics on humans, only
studies conducted on mammals and human cell lines were
examined.

Direct hazards

The extant studies on the hazards of microplastics employed
predominantly the in vivo and in vitro model systems with
the former conducted mostly on mice and rats, and the lat-
ter conducted on human cell lines. Polystyrene is the most
extensively studied microplastic type in terms of its hazards
on higher mammals, particularly those in the size range of
0.5-50 um (Table 1). Polystyrene microplastics of other
sizes including those in the nanoscale were also studied.
For instance, Wei et al. (2021) tested the cardiotoxicity of
polystyrene microplastics sized 500 um (0.5 mm) on Wistar
rats, while some studies examined the toxicity of polystyrene
nanoparticles of sizes ranging from 20 to 100 nm (Fournier
et al. 2020; Huang et al. 2022). Polyethylene microplastics
have also been studied though less frequently than polysty-
rene microplastics, and in few instances, modified polysty-
rene microplastics were tested of their toxicity on human
cell lines (Li et al. 2020a; Hesler et al. 2019). In vivo studies
often involved longer durations of exposure to microplastics,
typically 14 days to 90 days than in vitro studies usually
lasting for 24 to 48 h (Lim et al. 2021; Hou et al. 2021a;
An et al. 2021; Stock et al. 2019). Nonetheless, short-term
in vivo exposure to microplastics and plastic nanoparti-
cles have been conducted to examine their accumulation
and effects on certain organs such as testes, as well as their
effects on behaviors (Estrela et al. 2021; Jin et al. 2021).

In vivo studies revealed that exposure to polystyrene
microplastics could disrupt energy and lipid metabolism and

@ Springer

trigger oxidative stress in mice (Deng et al. 2017). They
demonstrated a size-dependent accumulation in the livers,
kidneys, and guts of mice. Polystyrene nanoparticles were
also detected in the brains, lungs, and spleens of pregnant
Sprague—Dawley rats as well as the brains, hearts, kidneys,
livers, and lungs of the fetus, but a correlation with the size
of the nanoparticles could not be established since only par-
ticles of 20 nm were used in the study (Fournier et al. 2020).
However, this pointed to potential translocation of nano-pol-
ystyrene from pregnant mice to fetus. Similar to Deng et al.
(2017), disrupted liver metabolism leading to lipid disorder
was reported by Zheng et al. (2021) (Fig. 2 and Table 1).
Lu et al. (2018) observed a disruption of lipid metabolism
which was linked to dysbiosis in gut. Alteration of gut flora
has been disclosed in multiple studies. Such alteration has
been associated with compromised gut and intestinal func-
tions such as reduced intestinal and gut secretion (Jin et al.
2019; Lu et al. 2018), disrupted intestinal barrier in normal
mice and dams (Luo et al. 2019), and colitis (Zheng et al.
2021) (Fig. 2 and Table 1). Inflammation of the colon and
duodenum was also observed in mice exposed to polyethyl-
ene microplastics for 5 weeks and in an instance, damaged
organelles in stomachs and spleens were more prevalent
among female dams (Li et al. 2020a; Park et al. 2020).

In addition to the hazards on the hepatic and gastroin-
testinal systems, microplastics exposure was found to have
adverse effects on the cardiopulmonary system, evidenced
by impaired heart structure and function upon 90-day expo-
sure of Wistar rats to polystyrene microplastics which trig-
gered oxidative stress, apoptosis, pyroptosis and inflamma-
tory responses (Wei et al. 2021). Inflammatory responses
in the lungs were observed among Sprague—Dawley rats
exposed to polystyrene microplastics for 14 days via inhala-
tion in a dose-dependent manner, as well as mice subjected
to intratracheal polystyrene microplastics exposure lead-
ing to dose-dependent pulmonary fibrosis (Lim et al. 2021;
Li et al. 2022) (Fig. 2 and Table 1). There are relatively
more studies on the hazards of microplastics on reproduc-
tive system than other bodily systems. An in vitro study
revealed polystyrene microplastics exposure caused signifi-
cant decline in fetal and placental weights (Fournier et al.
2020), which aligns with the findings of Park et al. (2020)
reporting a reduction in the body weight of mice offspring,
in addition to altered number of live births, and sex ratio
upon exposure to polyethylene microplastics. Similarly,
pregnant and lactating mice exposed to nano-polystyrene
gave birth to offspring with reduced body weights at and
after birth, confirming the intergenerational effect of micro-
plastics observed in other studies (Huang et al. 2022; Park
et al. 2020; Luo et al. 2019; Fournier et al. 2020). Male mice
exposed to polystyrene microplastics were observed to have
lower sperm count as well as deteriorated sperm health and
qualities in terms of motility, deformity, shedding, apoptosis,
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Table 1 (continued)

References

Hazard

Characteristic and dose of microplastics

Type of microplastics

Experimental subject

Saeed et al. (2023)

45-day exposure caused a notable decline

=876 nm

Size

Polystyrene

Wistar rats

in the superoxide dismutase and catalase
activities in the liver and ovary. A rise

2.5, 5 and 10 mg/kg/day

Dosage

in triglyceride, total cholesterol and low-
density lipoprotein levels was noted in

addition to a decline in high-density lipo-
protein. The exposure also led to higher

follicle-stimulating hormone, estradiol and
testosterone. Liver fibrosis and activated

hepatic stellate cells were observed

and atrophy (Xie et al. 2020; Hou et al. 2021a) (Fig. 2 and
Table 1). This was resonated by Wei et al. (2022), report-
ing the decline of sperm and spermatogenic cell counts and
higher sperm deformity among male C57BL/6 mice exposed
to polystyrene microplastics for 30 or 44 days. A decrease in
testosterone level has been linked to microplastics exposure
(Xie et al. 2020; Jin et al. 2021).

Microplastics exposure not only affects the male repro-
ductive health. In female mice, microplastics resulted in
a lower count of growing follicles, smaller ovaries, lower
pregnancy rate, and fewer embryos (An et al. 2021; Wei
et al. 2022) (Fig. 2 and Table 1). The damages on male and
female reproductive systems caused by microplastics were
frequently associated with oxidative stress, which triggered
deleterious responses such as inflammation, apoptosis, and
fibrosis (An et al. 2021; Huang et al. 2022; Wei et al. 2022;
Jin et al. 2021). This concurs with the findings of Hou et al.
(2021Db) that exposure to polystyrene microplastics caused
apoptosis and pyroptosis of ovarian granulosa cells. The
inflammation responses were likely initiated by Wingless/
Integrated (Wnt)/f-catenin signaling pathway (An et al.
2021) or p38 mitogen-activated protein kinase signaling
pathway (Xie et al. 2020). Microplastics were also shown to
trigger immune responses in mice with polyethylene micro-
plastics raising neutrophil and IgA levels in blood serum
(Park et al. 2020) (Fig. 2 and Table 1).

Furthermore, microplastics exposure might have cog-
nitive and behavioral implications. da Costa Aratjo and
Malafaia (2021) found Swiss mice exposed to polyeth-
ylene microplastics to aggregate less upon encounter-
ing predatory threat probably due to a decline in their
manifestation of risk-evaluating behavior. Another study
revealed altered cognitive function of Swiss mice exposed
to nano-polystyrene for 3 days due to oxidative stress and
reduced acetylcholinesterase activity, which did not esca-
late into locomotor and behavioral modifications (Estrela
et al. 2021). However, Rafiee et al. (2018) did not observe
significant differences in neurobehavioral effects among
adult Wistar male rats exposed to nano-polystyrene for
5 weeks. Cell line studies confirmed cellular accumulation
of microplastics but revealed COOH-modified polystyrene
microplastics to be weakly embryotoxic and non-genotoxic
(Hesler et al. 2019). Stock et al. (2019) revealed higher
cellular uptake of smaller polystyrene microplastics and
the entry of small microplastics into intestinal wall, but
they did not trigger oxidative, inflammatory and immune
responses. Despite contradictory findings between in vivo
and in vitro studies, it can generally be concluded that
polystyrene and polyethylene microplastics pose hazards
on multiple systems comprising the hepatic, gastrointesti-
nal, cardiopulmonary, reproductive, and immune systems,
often through triggering oxidative stress (Fig. 2). They
could also affect cognition, which may or may not translate

@ Springer
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Exposure Routes

halaton ‘

Ingestion

Dermal contact

Trigger immune
responses

Fig.2 Hazards of microplastics on various human systems and the
typical exposure routes of humans to microplastics. Ingestion and
inhalation are the major exposure routes. Microplastics can poten-

into behavioral changes. It is worth noting that the dosages
of microplastics used in animal exposure studies are often
higher than those of real-world human exposure to induce
observable effects in a short period of time. This contrasts
with the chronic and low-level human exposure to micro-
plastics. Nonetheless, human exposure to microplastics
may vary significantly depending on demographic and
environmental factors. In severe instances, the exposure
could come close to the exposure levels of animal models
(Cox et al. 2019).

Fig.3 The common chemicals

leached from microplastics o

comprise phthalates, bisphenols, I N N
polybrominated diphenyl ethers, O ~_-CHs
and polychlorinated biphe- o

nyls. Each of the chemicals Phthalates
poses distinct health hazard.

OH OH
Microplastics can interact with
a wide array of pollutants in O O
the environment and the most HaC o
common pollutants included HiC O o HC O o

in co-exposure studies are
antimicrobials, leached plastic
additives and heavy metals

Bisphenols

Polybrominated diphenyl
ethers

Polychlorinated biphenyls
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tially affect multiple systems in human body ranging from the car-
diovascular, hepatic, and pulmonary systems to the reproductive and
digestive systems

Hazards of chemicals released by microplastics

Plastics are known to contain a myriad of chemicals. A com-
mon group of chemicals added is the functional additives
consisting of antistatic agents, antimicrobials, flame retard-
ants, plasticizers, and stabilizers among others (Fig. 3) (Li
and Tang 2023). Colorants are also added to impart differ-
ent colors to plastic products. Besides, fillers such as kao-
lin, clay, and mica and reinforcing materials such as glass
and carbon fibers are in the list of plastic additives (Bridson

Interactions with environmental pollutants

B Antimicrobials

] Leached plastic
| - additives
Heavy metals
Microplastic
particle m
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et al. 2021). The hazards related to leaching of plasticizers
from microplastics, particularly phthalates, have been more
extensively studied compared to other additives (Li et al.
2024). A study on historical exposure of pregnant women to
Di-(2-ethylhexyl) phthalate (DEHP) due to a scandal found
an association of the exposure with changes in their thyroid
hormones (Huang et al. 2016). Intraperitoneal injection of
DEHP on prepuberal mice resulted in hormonal changes
probably due to structural changes in theca cells, which
could negatively affect the onset of puberty (Lai et al. 2017)
(Table 2).

Another study exposing prepuberal female rats to DEHP
shortened the duration of their vaginal opening and length-
ened the duration of estrous cycles. The exposure disrupted
serum levels of growth hormone and progesterone in addi-
tion to hypothalamic functions, leading to precocious
puberty (Liu et al. 2018), in parallel to the findings of Lai
et al. (2017). Mono-(2-ethylhexyl) phthalate was reported
to hinder rat granulosa cell proliferation and upregulate the
secretion of steroid hormone (Li et al. 2018). Upon expos-
ing pregnant Wistar rats to diisopentyl phthalate, da Silva
et al. (2019) observed downregulated expression of Esr 1
in the pituitary gland and hypothalamus of the offspring.
This affected the mating behaviors and sexual motivation
of male offspring. Similarly, exposure of human granulosa
cell line to dibutyl phthalate (DBP) increased estradiol secre-
tion, which potentially affected steroidogenesis in ovaries
(Ma et al. 2019). These studies point to potential hazards
of phthalates on reproductive system and development as
well as their intergenerational deleterious effects (Table 2).

Bisphenols are another group of plasticizers usually
added to polycarbonate plastics to impart rigidity (Fig. 3).
Like phthalates, bisphenols were found to disrupt hormo-
nal balance by reducing testosterone level of male rate,
while causing testicular oxidative stress. In vivo exposure
to bisphenol-A (BPA) showed its potential toxicity on sper-
matogenesis (Ullah et al. 2018). BPA exposure during fetal-
perinatal period adversely affected spermatozoa viability,
motility and health (Chioccarelli et al. 2020). Eker et al.
(2021) revealed a positive correlation between serum BPA
levels and nonfunctional adrenal incidentaloma (NFAI),
while Ma et al. (2021) found exposure to BPA and a high-fat
diet worsened prediabetic symptoms by impairing glucose
tolerance. The study showed possible interference of neuron
functions by BPA in mice after 12-week exposure (Ma et al.
2021). Exposing human luteinized granulosa cells to bisphe-
nol-S (BPS) lowered progesterone and estradiol secretion
though environmental BPS concentrations were expected
to have insignificant effect on steroidogenesis (Amar et al.
2020). The hazards of bisphenols are mostly reproductive,
adrenal, diabetic, and neuronal in nature (Table 2).

Polybrominated diphenyl ethers (PBDEs) used as a flame
retardant in plastics were found to be carcinogenic to rats

and mice through triggering oxidative stress, disrupting
hormones and altering molecular reactions in tissues (Dun-
nick et al. 2018). Human exposure to PBDEs in indoor dust
adversely affected reproductive health, particularly semen
volume, sperm count and motility, while interfering the bal-
ance of reproductive and thyroid hormones (Yu et al. 2019).
In female humans, PBDEs could lengthen menstrual cycle
and duration (Shi et al. 2022). 4-bromodiphenyl ether (BDE-
3), another type of flame retardant, was reported to stimulate
adrenal cells, causing elevated serum aldosterone and cor-
ticosterone levels (Chen et al. 2019). Plastics may contain
metal-based additives such as lead (Pb) and chromium (Cr).
Karaulov et al. (2022) found mice exposed to chromium (Cr)
and benzene to develop immune system disorders. These
were manifested as lower thymocytes count, plasma cell-
macrophage transformation, as well as the apoptosis of lym-
phocytes and thymocytes in spleen. The co-exposure did
not demonstrate additive effect. Polychlorinated biphenyls
(PCBs) may be added as a lubricant in plastic manufacturing
(Fig. 3). A study revealed historical exposure of porpoises to
PCBs resulted in reduced testes weights and hence affected
male fertility (Williams et al. 2021). Overall, the chemicals
leached from plastics show reproductive hazard attributed
to endocrine disrupting effect, certain carcinogenic effect
linked to PBDEs, and they might have negative implica-
tions on adrenal cells, immune system, mating behaviors,
glucose tolerance, neuron and development. However, these
additives vary between different types of microplastics, and
their leaching behaviors are not well understood (Table 2).

Hazards from the interactions of microplastics
with other pollutants

Microplastics could interact with other pollutants in the
environment through sorption resulting in altered ecotoxici-
ties. As with studies on the direct hazards of microplastics,
most of the studies in this area used polystyrene (Table 3).
Nano-polystyrene was reported to work synergistically with
parabens in promoting the proliferation of estrogen-sensitive
breast cancer cells as nano-polystyrene could facilitate the
translocation and adsorption of parabens (Roje et al. 2019).
Microplastics led to higher accumulation of pollutants in
certain organs (Deng et al. 2021), for instance, higher bioac-
cumulation of sulfamethoxazole in the heart, kidney, liver,
lung and spleen tissues of mice (Liu et al. 2022a). Greater
hazards on reproductive system have been observed as
microplastics interacted with other pollutants. Microplastics
contaminated with phthalate esters (PAEs) resulted in higher
alteration of sperm physiology and spermatogenesis than
the respective substances (Deng et al. 2021), while the ten-
dency of microplastics to accumulate in ovaries and uterus
increased the toxicity of lead (Pb) to organs (Feng et al.
2022). Mice exposed to microplastics and cadmium (Cd)

@ Springer



Environmental Chemistry Letters (2024) 22:1155-1183

1166

Kyraqnd

Sno1o0oa1d 9sned pue suonouny dre|

-eyjod Ay 1dnistp p[nod JHA "S[OA9L

L PUB SuOWLIOY SUIZIUI)N] ‘QUOWLIOY

Sune[nuIs-o[dI[[0f WNIS PAIIMO]

pue ‘s[oA9] ouo1d)sa3oid pue suourioy

IMOIT WNISS PasTel ] "SI[OAD snonsd

Jo uoneinp 2y} pasearour pue Juruado

(8107) 'Te 1@ NI [euTSEA JO OUIN 9} PAsLardP JHAA
s1souagojeurtads uo son3ofeue s
pue y-[ouaydsiq jo Ayrorxo} fenuajod
SurAjdur ‘opgoid prdiy pue saroads uag
-Kx0 9A1)oRAI 19YS1Y 0} pof 2Insodxo
OAIA UI ABP-87 "[OAJ] QUOII)S0)S)
PaONPAI pUB $)$9) UL SSAI)S QANBPIXO

(8107) Te19 Ye[[)  PIonpul pa[eaAal 2Insodxa oniA Ul y-g
QUOULIOY PIOIA}S JO UOIIAIOAS
paje[n3aidn se [[om se passaidxa
sowAzua SuIZIsayuAs ouora)sagord
pue 5101do291 QUOWLIOY X3S AIOW
‘uonerarold [[90 eso[nuers papaduur

(8107) Te¥19 1T  ApueoyruSis ur pajnsal ansodxs y-4¢
Ky119qnd JO 19SUO Y UO JOJYS ISIAAPE
renuajod 3119%9 WS JHAJ PIATISQO
QIoM QBISLIO II2Y) PUE S[[20 BIAY) JO
BLIPUOYDOIIW Y} U QUI[OP B [[oM SE
‘dofoAud responu jo soueyo [eInjonng
‘QuowIoy SUIZIUIAN| JO [A9] WNIJS
Jomo] pue uononpoid [01pensa-¢g/ |
pue duo19)sa301d auoipaualsoIpue
ur dip & 01 pa] ATSAT[3p 193Je SAep G

(L107) TR ¥ TR pue (] ‘g uonosfur reauojrredenuy
sououLIoy prox
-Ay3 ur uoneIAE pasned Afenuajod
amsodxa ojereyyd [King-u-1q ‘dHAA
pue arereyyyd [Ayperp ‘@rereyiyd [Ainq
-u-1p A[urew 03 2Insodxa pI[eaAdl
saIjoqelow Ay, ‘sejdwes auLn [[e ur

(97107) 'Te 10 Sueny  pa3oaep a1am sajrjoqelowr arereyiyd 11

reremsod p-yoom 03 1Z-Aep

woiy Kep/sy/3w 0001 PUB 00S ‘0ST 0 dHAd

S-[ouoydsiq pue
Kep/3y/3wr (G pue Gg ‘G=a3esoq  J-[ouaydsiq ‘g-jouaydsiq ‘y-jouaydsig

AN 00T PUe Q0T “0S ‘ST ‘0=93esoq arereqiyd (AxoyAye-7)-ouoy

3y/3r ot 1o gz =98esoq dHAd

sarereyiyd 19)0
[epuess JHHQ ysnoxy amsodxg  pue (JHAQ) ereypyd ((Axayifye-7)-1a

SJel o[ewo) IeIsip [erreqndaig

Syl O[RA

S[[99 BSO[NUEBIS UBLIBAO JBY

(801) @01t [eraqndaig

UowIoMm Jueu3aIg

SQOURIYIY prezeyq

QATIIPPE JO 9SOP PUE JNSLIJOBILYD) AANIPpY

100[qns [ejuowirradxg

$189) poo[q pue s1azonse(d Jo s[epueds
snoraa1d 0} amsodxa Jo $109JJ9 9y} Jo Suryoe1) uo paseq AJ[ensn aIe UewNY UO SAIPNIS ‘sjouaydsiq pue sarereyiyd aIe Pajse) SOANIPPE UOWIIOD Y], *3[0YM € St sOo1Ise[dOIOTW JO pedlsur soAnIppe
onserd 1o seorwayd oyroads 0) swstueSIo ay) Jo amnsodxd WOy PAY[NSAI )09 SNOpIeZey Y [, ‘sonse[dOIdIW WOl PAYdea] S[EINAYD UOWWIOD 0} s[ewwew I1yS1y Jo a1nsodxs Jo s109yg ¢ 3|qelL

pringer

AQs



1167

Q0TW 9rBW P[O

pringer

As

Kep-g/ ur vozojewrods Surmnyew Jo
UONeSUIPUOd JNEWOIYD Pue ‘AY[rouw
pue Ajiqeia eozojewrads pasrword
-wod ur pay[nsar porrad Tereurtod-Teioy
(0207) 'Te 12 1[[e1B2201yD) Jo 1¢-Aep 01 (1 -Aep woij dnsodxyg w31 o] =98esoq v-louaydsig I
S[[99 [RUAIPE UO 10910 AI10)
-e[nwmns pey 1Y) [Auaydipowoiq-{
"S[AQ] QUOIISOOT}IOD PUE QUOIISOP[E Kep/(mq) 1yStom £poq
(61027) 'Te 12 UYD winias ayy pasres arnsodxa Aep-1¢ -3y/3w 0oz pue 001 ‘0S ‘0 =-98esoq 1oy39 [Auaydipowoiq-1 sye1 Aojmeg—ongerdg
SOLIBAO UT SISOUASOPIOINS UO 109
renuajod Suneosrpur 101deoa1 suowrioy
Sunenuws-o[oI[[0§ Jo uoIssaIdxad
POSeAIOUT PUE UOIIOIOIS [OIPRIIS UI
(6107) TR BN 9SLI [enuelsqns & pasned amsodxa Y- wr O] 10 0S ‘0T ‘T ‘T°'0=293esoq qereyyd [Ainqi@  NOY 2UI| [[99 BSo[nUeI3 uBWNg
Suridsyjo orewr Jo uoneANOW
[eNXas pue SIOIABYQq Sunew 1o)e Kew
sporrad [ejuowdo[oaap [eronid Surmnp
arereyyyd [Kyuadostip 03 arnsodxyg
‘Suridsyjo opewr Suowre seroUdIR[ UOT
-enjouad pue junow Joy3Iy S [[om
se uridsjjo oy ur uorssaidxa | 157
orwrereyjodAy pue Kreymyrd romof
ur paynsai ([eyeusod) [z-Aep pue
(6T0T) 'Te 12 BAJIS BP (uone)sag) o1 -Aep uoamiaq ainsodxq Kep/3y/3w Q[ 10 O ‘] =a8esoq rereyyyd [Kuadosnqg SJel IeISIA JueuSald
SouUOWLIOY PIOX
-Ay3 pue aAanonpoxdar jo aoue[eq oy}
)M PIJIOII OS[e SO "UQWas
UT SOATJBALIOP J19Y) pue s dd Aq
payoaye Afeane3ou arom Aynow jsnp
(6107) Te 1 ng puE QuNod WIdds ‘OuIN[OA USWS Jooput ur sgqgd 01 2ansodxa uewny sgadd uewny
SUONEBIA)E JR[NII[OW [JAJ[-INSST) U
quowoy paydnisip ‘oSewep 9ANEPIXO
JO INSa1 B A[YI] Sem 1099 d1uagourd
-Ied AU, "S)el 9[BW) JO SNIAN Jy) Ul
sewroores 1o sdAjod fewons se [jom
se sjel o[ew ur siown) pue[s Areymyd
pue pro1Ay) jo Suruioy y3noIy)
POIeISUOWIAP SEM J09JJ JTuaSourore))

"W [J€D9d PUB SIBI UBH IBISIA UL (901ur) 33y/3w OO 10 € ‘¢ (1L-9@) 2mmx1w (sgadd)
(8107) “Ie 10 Yoruun  SIown) ISAI[ U paj[nsal aInsodxa 1eak-z ‘() ‘(syer) Sy/Sw (G 10 G ‘¢ ‘0=9o5esoq s1oy3e [Auaydip pajeurwoiqA[oq Q0TW pue syey
SQOURIJOY prezey QAT)IPPE JO 9SOP pue dIISLIdORIRY) QANIPPY 109[qns ejuowradxyg

Environmental Chemistry Letters (2024) 22:1155-1183

(ponunuoo) zsjqey



Environmental Chemistry Letters (2024) 22:1155-1183

1168

yireay aanonpoidar 3unoayye Afen
-uajod ‘snyj} ‘uonjeInp pue [oAd [enns
-uow 103u0[ 0} PoT SHAIJ urele)
‘uoneINp [ENNSUAW JAFUO[ 0) PaUI|

(2T00) e IS o1om 607 —PUB €81 —‘¢CT —‘Ly-dAd

Q0TI Q[BWIdJ PUE J[BW UL
SUOIOUNJ UOINAU YIIM QIJISIUT P[NOD
yoIym uonewwejur onueeyjodAy
juopuadap-91Ko0mse pajearIide y-jou
-oydsig "pajodgyeun d1om J9Ip pIepue)s
Uo 91N "29URI2[0} 250on[3 parreduwr
PANQIYXQ QOTW [ "90TUI S[BWIS] UT
PIAIISQO AIOM UI[NSUI WNIAS PUL
ssewr Apoq UT 3SLI y/ "U2SIOM 0) JAIp
1eJ-y31y yim pajeroosse swoydwAs
(1202) Te @ BN oneqerpaid pasnes amsodxa yoom-g |

ANI9Y 9eW U0 J99J9 SN0
-119)970p & SurAdwr ‘synpe Ayifeay ur

(12027) 'Te 10 sWeripy - SIYSTom s9)s) paonpar o paf ainsodxg

amsodxe yvdqg

IoySTY yIIm pajeroosse sem juowdo
-[0A9p VAN "siuened VN o[ew uey)
S[OA9] Vdd winias 10y3iy pey sjuaned
VAN 9[ewa, "S[EnpIAIpUT Ayifeay
uey) y-jouaydsiq 1oy3ry Apyueoyrugis
paurejuod syuaned (JYAN) BWO[RIUDP

(1202) 'Te 30 1oH -1OUl [BURIPE [BUOTIOUNJUOU JO WIS

Apueoyrugis s1so

-u9S0PI0IQ)S J09JJE 0) PAWAP JOU T8

SUONENUAOUOD S-Joudydsiq [ejuawuos

-1Auqg *(S-Touoydsiq wm ()G) uorRIAS

[OIPEIS? PUE ‘UONAIAS QUO0I)SIFoId

(0T0T T8 10 TRWY

sonss1 asodipe ur sHAdd
JO S[PA9] o) 1M SUIpPI9[q [ENI)SUSW
pue 9[oA0 [eNNSUSW JO SUOTIB[AII0))

121p 1eJ-ySIY pue JIp pIepuels
s Aep/3y/Sw (G pue ¢ =93eso

sjyI1om $9)s9) Surpuodsariod

IIoY) pue /10 03 1661 woiy sastodiod

papuens Jo suonenuaduod sjAusydiq
pareurto[yoAtod 10qqn[q Surmsesjy

S[ENpIATpUT AI[eay Pue [VAN
qm pasouderp syuaned Jo S[oAI]
V-[ouaydsiq wnIas Jo JusWaINSLIJA

wirl (G 10

ur auroap B pasned axnsodxs y-g wml o1 ‘wirl | ‘U 00T ‘JAU 0] =95esoq

sgaadd uewiny d[ewo

v-[oudydsig Q01N

s[Auaydiq pajeunio[yok[od  (puaosoyd puaodoyg) sastodiod

vy-Touaydsig uewny

G-Touaydsrg  S[[90 BSO[NULIS PazZIuro)n| UeWny

SOOURIYY prezeyq

JAT)IPPE JO ISOP pue JNsLId)ORIRYD)

QATIIPPY 109[qns [ejuswrradxyg

(ponunuoo) zsjqey

pringer

AQs



Environmental Chemistry Letters (2024) 22:1155-1183

1169

Table 2 (continued)

References

Hazard

Characteristic and dose of additive

Additive

Experimental subject

20 mg Cr (VI)/kg bw/day and  45-, 90- and 135-day exposures resulted Karaulov et al. (2022)

0.6 ml benzene/kg bw/day

Dosage

Chromium (Cr) and benzene

Wistar rats

in lower thymocytes count, thymus

mass as well as changes that hinted

transient thymus involution. The

exposures caused lymphoreticular
hyperplasia and plasma cell-mac-

rophage transformation, besides apop-

tosis of lymphocytes and thymocytes
in spleen. Additive effects were not

observed

Nehring and Staniszewska 2023

4-tert-octylphenol and 4-nonylphenol

Collection of blood samples from

Bisphenol-A, 4-tert-octylphenol and

4-nonylphenol

Human

were detected in all the blood samples

while bisphenol-A was detected in

young mothers and umbilical cord or
newborn; collection of breast milk

samples

84% of the samples. Generally, the

newborn’s blood contained higher

4-tert-octylphenol and 4-nonylphenol,
and lower bisphenol-A. The three

plastic additives were also detected in

the milk samples

for 30 days had reduced sperm count as well as impaired
testicular structure and function. The toxic effects of micro-
plastics were aggravated but those of cadmium (Cd) were
reduced (Hassine et al. 2023).

Hazards on gastrointestinal system were manifested as
dysbiosis of gut microbiome and disrupted bile acids, but
the effects are not always synergistic, as reported in the
study of Liu et al. (2022a) that microplastics increased the
effect of sulfamethoxazole on gut microbiome and antibiotic
resistance. Jiang et al. (2021), contrarily, observed a decline
in toxicity when polystyrene microplastics combined with
tributyltin. Synergistic effect was reported by Li et al. (2023)
when mice were exposed to polycarbonate microplastics and
imidacloprid for 4 weeks, resulting in more severe disrup-
tion of gut microbiome and lipid metabolism. Hepatoxicity
and affected liver functions are the other hazards identified.
Co-exposure of mice to polystyrene microplastics and epoxi-
conazole caused greater damage to liver tissue and slower
removal of epoxiconazole by liver, while Arsenic (As) and
polystyrene microplastics resulted in excessive autophagy,
apoptosis and pyroptosis in the liver (Sun et al. 2022; Zhong
et al. 2022). Menéndez-Pedriza et al., (2022) revealed more
pronounced lipidomic changes and triglyceride enhancement
upon co-exposing human hepatoma cell line to microplas-
tics and PCBs for 48 h. Mice co-exposed to microplastics
and imidacloprid for 4 weeks suffered from liver tissue
damage and disrupted lipid metabolism (Li et al. 2023).
Furthermore, liver organoid from human-pluripotent stem
cells exposed to both polystyrene microplastics and BPA
experienced interference of lipid metabolism and synergistic
hepatoxicity (Cheng et al. 2023).

Microplastics and iron co-exposure led to impaired cogni-
tive function of C57BL/6 mice due to disrupted iron homeo-
stasis in the brain. The co-exposure also caused ferroptosis
in brain (Liu et al. 2022b). This implies the potential hazard
of microplastics—pollutant mix on brain and neurons depend-
ing on the pollutants combined. In addition, the in vivo and
in vitro studies conducted by Zhang et al. (2022) showed
combined neurotoxic effects resulted from microplastics and
DEHP co-exposure. In an instance of co-exposing mice and
their red blood cells to polystyrene microplastics and cad-
mium (Cd), an antagonistic effect was actually observed,
indicating a reduced hazard on hypochromic anemia and
polycythemia vera caused by exposure to cadmium chloride
(CdCl,) and polystyrene microplastics, respectively (Wang
et al. 2022). Shi et al. (2023) found co-exposure of mice to
polystyrene microplastics and DEHP slowed skin healing
and triggered more severe oxidative stress and inflamma-
tory response. Damage to kidney tissue was reported by Sun
et al. (2022) among mice co-exposed to polystyrene micro-
plastics and epoxiconazole. Therefore, microplastics interac-
tions with other contaminants will more likely increase their
hazards on reproductive system, gut, liver, nervous system,
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and kidney through additive or synergistic effects. In few
instances, antagonistic effects were observed, indicating
microplastics might decrease the bioavailability of certain
pollutants through sorption.

Dose—response assessment

The dose-response assessment of microplastics is highly
complex as it not only needs to consider the direct effect
of microplastics but also the additives leached from micro-
plastics, and the chemicals released by microplastics due to
sorption. Microplastics could contain different additives to
confer the desirable properties to the plastics manufactured
and they interact with a diverse array of contaminants in the
environment (Tang 2023c). These contaminants might differ
by localities. In addition, there are more studies examining
the effects of polystyrene microplastics on higher mammals
than other microplastic types, thus leading to a significant
gap in the information available for dose-response assess-
ment (Table 1). Microplastics in the environment have vari-
ous sizes below 5 mm but only a narrow size range of micro-
plastics has been subjected to extensive study, particularly
those in the range of 0.5 — 50 um. Besides, it is convenient
to use commercial microplastics of a certain size (monodis-
perse) rather than environmental microplastics with more
diverse sizes, resulting in constraints in the sizes of micro-
plastics examined for their toxicity (Jin et al. 2019; Luo et al.
2019; Hesler et al. 2019). The doses applied varied with
some studies only testing a particular dose (Lu et al. 2018;
Fournier et al. 2020), while other studies used two or three
different doses (Wei et al. 2021; Lim et al. 2021; Huang
et al. 2022). The limited doses tested make it challenging
to establish dose—response curves for microplastics. For
instance, Lee et al. (2023) examined the toxicity of poly-
ethylene microplastics sized 10-50 um administered orally
at 500, 1000 and 2000 mg/kg/day to ICR mice but it was
challenging to establish a dose—response assessment from
the limited doses tested. Additionally, the histopathological
nature of the study also makes dose—response assessment
challenging in the sense that only mice subjected to 28-day
repeated dose showed inflammatory response in the lung
tissue and no changes were observed in mice given single
oral dose (Lee et al. 2023). The changes observed were too
minute to constitute a statistically significant dose-response
curve. Similarly, in other studies (Table 2), the microplastic
doses employed often led to only minor changes such as
interference with gut microbiome and gut barrier, hormo-
nal alteration and disrupted metabolism without clear signs
of toxicity among the experimental animals. These changes
might not be statistically significant or sufficiently noticeable
to enable the determination of toxicological doses.

The nature of microplastics could limit dose—response
assessment. Establishing a threshold for microplastics is
complicated considering the diverse sizes, constituents
and types of microplastics. Besides, some studies showed
microplastics are well tolerated by experimental animals
and human cell line due partly to low translocation and
absorption (Hesler et al. 2019; Stock et al. 2019; Rafiee
et al. 2018). Carr et al. (2012) reported that the absorption
rate of microplastics ranged from 0.04 to 0.3%, while Wal-
czak et al. (2015) estimated a rate of 0.2-1.7% depending
on the charge. Many of the deleterious effects observed are
linked to oxidative stress and inflammatory response, and
these responses are often not observable to a certain extent.
There are currently very few studies that establish the dif-
ferent safe doses of microplastics and there is currently no
evidence indicating microplastics themselves are carcino-
genic. In some instances, microplastics triggered positive
or negative effects at a very low dose at cellular level and
such effects are poorly understood at individual level since
a positive effect at low dose does not always translate to
a positive effect on the organism (Chen et al. 2020). The
supplementary information summarizes the toxicologi-
cal doses of microplastics and common plastic additives.
It can be seen that there is much uncertainty in the toxi-
cological doses of microplastics. The no-observed adverse
effect level (NOAEL) of polyethylene microplastics was
deduced to be < 1000 mg/kg (< 35.7 mg/kg/day) for male
mice and < 500 mg/kg (< 17.9 mg/kg/day) (Fig. 4) for female
mice, indicating that the NOAELSs could occur at any values
below those stipulated and that many existing studies did
not have sufficient dosages tested to pinpoint the NOAEL
(Lee et al. 2022a). Similarly, the NOAEL of weathered poly-
propylene sized 85.2 um was deduced to be above 25 mg/
kg/day (Fig. 4) (Kim et al. 2021) and that of polyethylene
below 60 mg/kg/day (Park et al. 2020). The determination
of toxicological doses for microplastics is complicated by
their diverse sizes, shapes, types, contents, and interactions.
The current toxicological doses for microplastics are, there-
fore, constrained in terms of the use of monodisperse micro-
plastics, limited dosage and dose intervals, and commercial
microplastics mostly of polystyrene and polyethylene with
uniform shapes. These may not accurately reflect how envi-
ronmental microplastics, which humans are most frequently
exposed to, behave toxicologically.

Besides, plastics are known to contain a myriad of plas-
tic additives to confer them desirable properties based on
their uses. While toxicological doses of plastic additives
have been determined in multiple studies, there are still
many additives, which have not been subjected to extensive
dose-response studies. Phthalates are a popular subject of
toxicological studies, but the toxicological doses of certain
phthalates such as di-iso-decyl phthalate and di-iso-nonyl
phthalate are inconclusive due to the progressive tightening

@ Springer
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Exposure routes

Inhalation (about 5 microplastics/day/capita) ———

Ingestion (about 0.5 g microplastics/week) ———— |

Entry through dermal

contact (not defined, —— |

ey less significant)

- ~ N
— :
G~
- -
Estimated

microplastics weights
(2.8 x 103 t0 5.12 x
10 g/particle)

Fig.4 Estimated worst-case exposure of humans to microplastics
through inhalation and ingestion. The worst-case ingestion rate of an
adult is estimated to be 11.5-23.7 mg/kg/day. The worst-case global
inhalation rate is estimated to be 0.27-0.49 mg/kg/day while that for

of their NOAELSs over time as more evidence pointing to
statistically observable changes on experimental animals at
lower doses emerged (Ambe et al. 2019). More common
phthalates such as DEHP have more consistent NOAEL
reported (Conley et al. 2021). The NOAELs of bisphenols,
particularly BPA, bisphenol-F and bisphenol-S have been
proposed in addition to those of different PBDEs such as
BDE-47, BDE-99 and BDE-209 (Genuis et al. 2012; Lee
et al. 2022b; Lee et al. 2022c; Ermler and Kortenkamp
2022) (see Supplementary Information). PBDEs are used
as flame retardants and they are not incorporated chemi-
cally into plastics, making their leaching from plastics
into the environment a concern. The Stockholm Conven-
tion on Persistent Organic Pollutants has included the three
PBDEs in Annex A bound for elimination, together with
PCBs (Stockholm Convention 2019). As probable human
carcinogens, safe exposure thresholds for PCBs are often
not available as exposure at any amounts could be geno-
toxic (US EPA 2016). Nonetheless, a mixture of PCBs with
60% chlorine called Aroclor 1260 has a NOAEL and lowest-
observed-adverse-effect level (LOAEL) of 0.625 mg/kg/day
and 1.25 mg/kg/day, respectively. LOAEL is defined as the
lowest dose or exposure level that causes any observable
harmful effect (Aloysius et al. 2015). Generally, the toxicity
levels of microplastics are not as definitive as their additives
due probably to their relatively milder toxicity and less com-
prehensive dose—response studies.

@ Springer

Dose-response _/—-m
G

No-observed-adverse-effect-levels

Less than 35.7 mg/kg/day (male)(polyethylene)
X4 ] Less than 17.9 mg/kg/day (female)(polyethylene)

17 More than 25 mg/kg/day (polypropylene)

Uncertainty factor = 100

4, Reference doses

N\)\ Less than 0.357 mg/kg/day (male)(polyethylene)

\  Less than 0.179 mg/kg/day (female)(polyethylene)
More than 0.25 mg/kg/day (polypropylene)

} P

Estimated ingestion
11.5 — 23.7 mg/kg/day (adults)

Estimated inhalation

0.27 — 0.49 mg/kg/day (global rate)

20.2 mg/kg/day (worst-case for an adult in the
United States)

an adult in the United States is 20.2 mg/kg/day. Note: MP =Micro-
plastics; NOAELs=No observed adverse effect levels; PE =Polyeth-
ylene; PP =Polypropylene

Exposure assessment

Humans are exposed to microplastics via inhalation, inges-
tion, and dermal contact. Inhalation and ingestion are the
most prevailing microplastics exposure pathways that most
studies focus on as microplastics have been widely detected
in food, water, and air (Table 4). Currently, there is limited
evidence showing the entry of microplastics through skin
unless the dermal barrier is damaged. Studies have revealed
the presence of microplastics in a wide array of food items,
resulting in substantial exposure of humans to microplastics
through ingestion. EFSA CONTAM Panel (2016) estimated
that mussel ingestion would expose a person to 900 micro-
plastic particles or 7 ug microplastics per mussel. Mean-
while, salt ingestion may expose a person to a maximum
of 37 microplastics per year (Karami et al. 2017). A study
conducted on a comprehensive list of processed food items
in the USA constituting 15% of the national caloric intake
revealed an approximated microplastics consumption rate of
39,000-52,000 particles/person/year. Taking into account
inhalation and water intake, microplastics consumption
was estimated at 117,000 to 263,000 particles/person/year
(Cox et al. 2019). Oliveri Conti et al. (2020) estimated the
microplastics intake from fruits and vegetable, and revealed
an average adult to have a microplastics intake rate of
2.96 x 10%°-4.62 x 10° particles/kg-bw/day from apples and
pears consumption, which is significantly higher than the
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American estimation (Table 4). Drinking water is also a
major source of microplastics with exposure rates ranging
from 28 particles/day to 3,350,208 polyethylene tereph-
thalate microplastics/kg-bw/day depending on the types of
drinking water, the consumption rate used and the regions
the studies were conducted (Eerkes-Medrano et al. 2019;
Zuccarello et al. 2019).

Exposure to microplastics in indoor air results in both
ingestion and inhalation of microplastics. An Australian esti-
mation revealed age-dependent ingestion rates with children
aged 1 to 6 years having the highest rate of 6.1 mg/kg-bw/
year in comparison with 0.5 mg/kg-bw/year for those aged
20 years and above. As for inhalation, the mean intake rate
is 0.2 mg/kg-bw/year (Soltani et al. 2021). An Iranian study,
however, reported the rates as microplastics ingested and
inhaled, and these rates are also age-dependent with infants
having the highest exposure rates of 0.329-0.908 microplas-
tics/kg-bw/day by ingestion, and 3.033-8.372 microplastics/
kg-bw/day by inhalation (Kashfi et al. 2022). Using a breath-
ing thermal manikin, Vianello et al. (2019) approximated
the microplastics inhalation rate to be 272 microplastics/
day/capita, while performing light activity. It is on the high
side when compared to the microplastics inhalation of
0.640-1.767 microplastics/kg-bw/day of an adult approxi-
mated by Kashfi et al. (2022). Infants are also exposed to
microplastics through ingestion of infant formula in polypro-
pylene feeding bottles and the global exposure of a 12-year-
old was estimated to be 14,000—4,550,000 microplastics/day/
capita (Li et al. 2020b). Senathirajah et al. (2021) provided
a global ingestion rate of 0.1-5 g microplastics/week (sized
0-1 mm) based on the review of 59 publications, whereas
Domenech and Marcos (2021) estimated the global daily
inhalation rate to be 5.9 microplastics/day/capita. The latter
seems to be lower than the rates reported in other studies.

Risk characterization and implications

Assessing the risk of microplastics on human health is
constrained by the limited toxicological data available
for higher mammals and cell line models, which make
allometric scaling and extrapolation challenging, unlike
many other chemicals with well-established dose-response
assessments. In addition, microplastics contain a myriad
of chemicals whose leaching is a concern though stud-
ies have shown that leaching might be minimal or insig-
nificant for certain chemicals. Nonetheless, the diverse
chemicals in microplastics make assessment of leaching
risk extremely difficult, especially when the leaching itself
has not been comprehensively studied and leaching mod-
els are limited in multiple ways (Do et al. 2022). More
studies may need to be conducted on how plastic addi-
tives distribute between microplastics and the aqueous

environment at equilibrium. Another important complexity
is the interactions of microplastics with other chemicals in
the environment, which alter the toxicity of microplastics.
There are innumerable possibilities for such interactions,
for instance, microplastics could interact with one single
chemical or more than one chemical concurrently. The for-
mation of biofilms on microplastics also alters the proper-
ties of microplastics, leading to variation in the leaching
of additives from microplastics and their interactions with
chemicals.

In view of much uncertainty and a lack of data on the
leaching of chemicals from microplastics as well as multiple
interactions of microplastics with diverse chemicals in the
environment, the risk assessment in this paper is limited only
to the direct toxicological effects of microplastics on human,
without interactions with other environmental pollutants or
emphasis on a particular chemical leached from them. The
ubiquity of microplastics means they have permeated most if
not all food items and the atmospheric compartment. Using
the upper limit of the global average ingestion rate of 0.1-5 g
microplastics/week suggested by Senathirajah et al. (2021)
(Fig. 4), and 62 kg as the average weight of the world popu-
lation (Walpole et al. 2012), the microplastics exposure is
11.5 mg/kg/day per capita. Using the available NOAELs
in Table 1, an uncertainty factor of 100 is applied for inter-
species conversion to generate the safe values for human
(Fig. 4), known as reference doses, thus yielding reference
doses of <0.358 mg/kg/day (male) and < 0.179 mg/kg/day
(female) for polyethylene, as well as > 0.25 mg/kg/day for
weathered polypropylene (Lee et al. 2022a; Kim et al. 2021).
Assuming that the microplastics exposed consist of polyeth-
ylene exclusively, the exposure is much higher than the refer-
ence dose. If the microplastics exposed to were exclusively
polypropylene, it remains uncertain whether the exposure is
safe since the reference dose was deduced to be > 0.25 mg/
kg/day (lower limit). Therefore, microplastics exposure due
to ingestion alone is likely to exceed the reference doses.
Taking the worst-case annual microplastics ingestion rate
(food =52,000 particles/person, and drinks =90,000 parti-
cles/person) of the US which is 142,000 particles/person
(Table 4), and assuming a minimum and maximum particle
weights of 2.8 x 1073 g/particle and 5.12 x 10~ g/particle,
respectively (Senathirajah et al. 2021), as well as an average
US adult’s weight of 84 kg, the microplastics ingestion rate
ranges from 13 mg/kg/day to 23.7 mg/kg/day (Cox et al.
2019) (Fig. 4). The values are higher than the global aver-
age (Table 4). As for infants aged 12 months, a study pro-
vided a very high global exposure rate at 14,600—4,550,000
microplastics/day/capita (Li et al. 2020b). With such high
exposure rate, the ingested microplastics per kg body weight
is deemed to be extremely high. This aligns with the gener-
ally higher exposure of infants and children to microplastics
(Soltani et al. 2021; Kashfi et al. 2022).

@ Springer
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For inhalation, adopting the global daily inhalation
rate of 5.9 microplastics/day/capita suggested by Dome-
nech and Marcos (2021), as well as the same microplastics
weights and global average human weight as above, indi-
vidual microplastics exposure ranges from 0.27 mg/kg/day
to 0.49 mg/kg/day (Fig. 4). Adding to the ingestion rate,
the reference doses of polyethylene are exceeded, while
the lower limit of the reference dose of polypropylene is
also significantly exceeded (Fig. 4); the upper limit of no-
observed adverse effect level (NOAEL) for polypropylene
has not been defined as in the Supplementary Information.
As for the case of an adult in the US (Cox et al. 2019), with
a worst-case annual exposure of 121,000 particles/person
through inhalation, which is translated to a maximum weight
of 1697.3 mg/day (weight=5.12x 107> g/particle), the expo-
sure rate is 20.2 mg/kg/day which is higher than the global
daily inhalation rate of Domenech & Marcos, as well as the
regional rates in Australia and Iran reported (Soltani et al.
2021; Kashfi et al. 2022). In view of this, the risk associated
with human microplastics exposure through inhalation and
ingestion is not negligible. In fact, it is highly probable that
an individual is exposed to microplastics though the extent
of exposure varies. The severity of microplastics exposure
is often low (see Table 1), resulting in low-to-medium risk
based on a conservative and preliminary assessment, assum-
ing that the exposure, hence the manifestation of effects,
spans across a wide range of frequency (see Fig. 5 for a
typical risk assessment matrix).

As microplastics exposure varies spatially, temporally,
and demographically, this conservative approach is cru-
cial to identify the upper bound of risk. It accounts for the
uncertainty and variability in the data and the methods used
for exposure assessment, while providing a precautionary
approach to protect human health. This risk assessment con-
tributes to the preliminary understanding of the risk ubiq-
uitous microplastics in the environment poses on human
health, a topic which has not been subjected to extensive
study due to the limited information and looming uncer-
tainties. With increasing microplastics in the environment,
hence increasing exposure, it highlights the need to reduce
or limit the environmental prevalence of microplastics to
control the risk of microplastics on human health. It permits

Fig.5 A typical risk assessment
matrix for the determination of
the risk level. Considering all
frequency scenarios and the low
severity resulted from micro-

Frequency
Scenario

plastics exposure as reported High

in the literature, the risk ranges

from low to medium ;
Medium
Low

@ Springer

policymakers to design evidence-based and targeted poli-
cies to address the most relevant sources, pathways, and
hazards of microplastics exposure, for instance, through
restriction of adding microplastics to consumer products
and setting standards to regulate the contents of microplas-
tics in food and drinking water. Future studies can focus
on dose-response assessment using polydisperse, environ-
mentally representative microplastics to fill in the large gap
present currently. More comprehensive studies on exposure
assessment or those with regional significance could also be
conducted to facilitate risk characterization. Furthermore,
understanding the combined risk of microplastics, leaching
of additives from microplastics and interactions of micro-
plastics with other pollutants is crucial. Specifically, there
is a need for adequate particle characterization and selection
for toxicity testing. Future studies should use standardized
methods and criteria to measure and report the physical and
chemical properties of microplastics and select relevant and
realistic microplastic types and concentrations for expo-
sure scenarios in different environmental matrices. Future
studies of microplastics dose-response should account for
confounding factors and sources of variability that may
influence the toxicity of microplastics such as particle aggre-
gation, bioavailability, bioaccumulation, biodegradation, and
interactions with other stressors.

Conclusion

With the limited no-observed adverse effect levels
(NOAELSs) available and an uncertainty factor of 100, this
preliminary risk assessment revealed that human exposure
to microplastics is significantly above the NOAELS or the
lower limits of the NOAELSs. Therefore, the risk could range
from low to medium, considering the low consequences
reported for animal models and cell lines, ranging from no
significant changes of body and organ weights to altered
markers for energy and lipid metabolisms, oxidative stress,
loss of cell viability, and reduced reproductive health. How-
ever, the risk assessment has certain limitations. The current
information related to toxicity of microplastics is limited
to enable a detailed human health risk assessment. While

Severity of Consequences

Medium
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it is certain that human exposure to microplastics mainly
occurs through inhalation and ingestion, current studies
related to such exposure are fragmented focusing on expo-
sure to particular food items, drinking water, air or objects.
Where available, these attempts are complicated by the wide
variabilities of microplastics abundance across different
regions, in different items or in the same items produced in
different regions, conferring much uncertainty to exposure
assessment. Additionally, the diverse properties of micro-
plastics, particularly their sizes, shapes, and compositions,
also contributed to the uncertainty. As for dose-response
assessment, an obvious limitation is the use of specific
commercial monodisperse microplastics, particularly poly-
styrene, polyethylene, and polypropylene, which may not
sufficiently represent the diverse, polydisperse, aged micro-
plastics in the environment. Environmental microplastics
are present in diverse sizes and smaller microplastics are
commonly associated with more harm due to their larger
surface area to volume ratio, which may increase their ability
to adsorb and release other chemicals, as well as to penetrate
and damage cells and tissues. The limited doses tested also
constrain identification of toxicological doses. Risk assess-
ment of microplastics is complicated by the various addi-
tives present therein to impart certain desirable properties
and these additives have different leaching behaviors in dif-
ferent environments. Besides, microplastics could interact
with other pollutants and microorganisms in the environ-
ment through adsorption and subsequent leaching as well
as biofilm formation, resulting in changes in their toxico-
logical and physicochemical properties. Such interactions
could result in co-exposure of human to the environmental
pollutants adsorbed on microplastics or pathogenic micro-
organisms harbored by microplastics. Microplastics may
interact synergistically, antagonistically, or additively with
these chemicals and microorganisms, enhancing or reduc-
ing their bioavailability, toxicity, and growth. Thus, further
risk assessments should attempt to address these limitations.
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