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Abstract

Humans are exposed to microplastics (MPs) daily via ingestion and inhalation. It is not known whether
this results in adverse health effects and, if so, at what levels of exposure. Without epidemiological
studies, human cell in vitro MP toxicological studies provide an alternative approach to this question.
This review systematically synthesised all evidence and estimated thresholds of dose-response
relationships. MEDLINE and Web of Science were searched from inception to March 2021 and study
quality was rated using a novel risk of bias assessment tool. Seventeen studies were included in the
rapid review and eight in the meta-regression. Four biological endpoints displayed MP-associated
effects: cytotoxicity, immune response, oxidative stress, barrier attributes, and one did not
(genotoxicity). Irregular shape was found to be the only MP characteristic predicting cell death, along
with the duration of exposure and MP concentration (pug/mL). Cells showed varying cytotoxic
sensitivity to MPs, with Caco-2 cells (human adenocarcinoma cell line) being the most susceptible.
Minimum, environmentally-relevant, concentrations of 10 pg/mL (5-200 um), had an adverse effect
on cell viability, and 20 pg/mL (0.4 um) on cytokine release. This work is the first to quantify

thresholds of MPs effects on human cells in the context of risk assessment.
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Abbreviations

ABCC2 and ABCG2, ATP-binding cassette (ABC) transporters; ABS, acrylonitrile butadiene styrene;
A549 adenocarcinomic human alveolar basal epithelial cells, BEAS-2B, human lung epithelial cells;
BeWo b30, human placental choriocarcinoma cell line; Caco-2, human adenocarcinoma cell line;
CCK-8, cell counting kit 8; COOH, carboxy-modified surface; COPD, chronic obstructive pulmonary
disease; CPS, Carboxylated polystyrene; ELISA, Enzyme-Linked Immunosorbent Assay; HCA, high
content analysis; HDPE, high-density polyethylene; HDFs, human dermal fibroblasts; HeLa, cervical
cancer cells; HepaRG, human hepatic cells; HepG2, Human Caucasian hepatocyte carcinoma cells;
HMC-1, the human mast cell line-1; HPEC- A2 cells, SV40-transformed microvascular human
placental venous endothelial cells; HT29-MTX-E12, a mucus-secreting subclone from colon
adenocarcinoma HT29 cells differentiated into mature goblet cells; IL-, interleukin; KATO III, gastric
cancer stem cells; LDH, lactate dehydrogenase; LDPE, low-density polyethylene; LIVE/DEAD Kkit,
viability/cytotoxicity test; MCP-1, Monocyte chemoattractant protein-1; LOAEL, lowest-observed-
adverse-effect level; MDM, human blood monocyte-derived macrophages; MDDC, dendritic cells; M-
cell, Microfold cells; MTS assay, colorimetric cell proliferation assay kit; MTT assay, cellular
metabolic activity colorimetric assay; NIH/ 3 T3, murine fibroblast cell line; NOAEL, no-observed-
adverse-effect-level, NP, nanoplastics; PBMCs, peripheral blood mononuclear cells; PAN,
polyacrylonitriles; PA6, polyamide; PCR, polymerase chain reaction; PE, polyethylene; PET,
Polyethylene terephthalate; PP, polypropylene; PS, polystyrene; PU, polyurethane; PUR,
polyurethanes; PVC, polyvinyl chloride; p53, sensitive reporter cell line based on the human liver
carcinoma cell line; Raji B, human lymphocytes cells; RT-PCR, Reverse transcription polymerase
chain reaction; T98G, human glioblastoma multiforme cells; TEER, transepithelial electrical
resistance; THP-diff., THP-1 cells differentiated into macrophages; THP-1, human monocytic cell

line; TNF-a, Tumour Necrosis Factor alpha; t-PS, digestive tract transformed PS-MPs; TPU,
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polyurethane; U937, human histocytic lymphoma cells; WST-1 assay, cell proliferation assay; ZO-1,

Zonula occludens-1
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1. Introduction

The prevalence of microplastics (MPs) is ubiquitous, found in almost every compartment of the
environment; in the air (Wright et al., 2020), food (Teng et al., 2019) and drinking water (Zhang et al.,
2020). MP contamination will continue to rise as plastic production and use around the world increases
(Lebreton and Andrady, 2019). If plastic waste mismanagement continues as it is or increases, it is
predicted that within a century, MP ecological risks will be widespread in ecosystems across the world
(SAM, 2019; SAPEA, 2019). Two environmental routes of exposure are proposed for humans:
ingestion (dietary and non-dietary) and inhalation, as established by numerous studies and reviews and
reported widely (EFSA, 2016; Gallo et al., 2018; GESAMP, 2016; Karbalaei et al., 2018; Lusher et
al., 2017; Prata, 2018). The presence of MPs has been verified in human colectomy samples (Ibrahim
et al., 2021), human placenta (Ragusa et al., 2021) and in human lung tissue (Amato-Lourenco et al.,
2021; Pauly et al., 1998). Furthermore, when human stool samples were collected from eight
volunteers, as part of a prospective case series study, all of them were found positive for MP
contamination (Schwabl et al., 2019). A third environmental exposure route has also been proposed
via dermal absorption but currently there is no evidence to support it (BfR, 2014). Another recognized
exposure route (not environmental) for MPs is via the degradation of medical prosthetics that are
entirely made of or contain plastic and present an entirely different paradigm for MP human exposures

and effects (Doorn et al., 1996; Minoda et al., 2003; Urban et al., 2000; Willert et al., 1996).

A wide range of MP whole-organism (apical) and mechanistic toxic effects have been discovered in a
range of biota, most of which come from the marine ecosystem. The toxic effects concern multiple life
stages, including developmental, behavioural, genotoxic and metabolic as well as increased mortality,
immune responses and intestinal barrier dysfunction (Chang et al., 2020; Hale et al., 2020; Huang, Z.

et al., 2021; Priist et al., 2020).
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Risk assessment (RA) is the first and key part of an integrated risk analysis and its outcomes are a
qualitative or quantitative expression of the likelihood of a hazard, in this case MPs, to cause harm
(FAO and WHO, 2009). The aims of a human health RA are to estimate the risk to a specific population
(general or sub-population) that has been exposed to an agent, taking into consideration the
characteristics of both the agent and the population (IPCS, 2004). Human risk assessments usually
include epidemiological studies but in the case of MPs, the only currently available scientific
toxicological data come from in vitro studies (animal and human cells) and in vivo animal studies,
most of which focus on marine organisms and to a lesser extent, on rodents (e.g. Devriese et al., 2017;
Li et al., 2020; Santana et al., 2018). There are four interconnected processes in a RA: hazard
identification, hazard characterisation/ dose-response, exposure assessment and risk characterization
(WHO & IPCS, 2010). The toxicity biological endpoints considered in a risk assessment can include
early mechanistic responses, but also extend to apical biological endpoints (IPCS, 2009) which are

beyond the focus of this review.

The aim of this rapid review and meta-regression was to identify all currently available scientific data
on MP toxicity on human cells, assess their quality and collate data to define thresholds of dose—
response relationships, in order to inform a human RA. Such thresholds are health-based guidance
values based on available toxicological evidence which provide an estimate of the safe levels of human
exposure for different biological endpoints and health outcomes (EPA, 2014). A further objective was
to detect whether there was an association between specific characteristics of the experimental
conditions and the resulting toxicity in human cell lines. In the absence of epidemiological evidence,
human cell lines are one of the currently available sources of scientific evidence for human health

effects, the other being animal in vivo and in vitro studies, which are beyond the scope of this review.

2. Methods

The methodology used for the rapid review (Garritty et al., 2020; Hamel et al., 2021) was based on a

simplified version of the systematic review guidelines (Higgins et al., 2021), and used a protocol based
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on the guidelines set by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
protocols (PRISMA-P) (Moher et al., 2015; Shamseer et al., 2015). The eligibility criteria stated that
only experimental study designs were eligible for inclusion. No publication date limits were set. Only
studies that used human-cell models to test any toxicity effects from MPs were included. When a study
also used animal cells, the outcomes were not included in the review. Studies that focused only on NPs
(<100nm) were not included. MPs were defined to have a size range from 100 nm to 5 mm (Lusher et

al., 2017). When a study tested both MPs and NPs, only the results for the former were included.

The following online databases/sources were searched from launch date using the Web of Science
interface: Web of Science core collection (1900 onwards) and MEDLINE (1950 onwards). In addition,
the reference lists of any relevant reviews discovered, were searched. The last search was executed on
the 19" of March 2021. Search terms included: microplastic, human cell (see SM1, part 2). Study
screening was executed at two levels and the screening questions were developed according to the
eligibility criteria. In the first level, only titles and abstracts were reviewed. For studies that met the
inclusion criteria, full papers were downloaded for the second-level screening. The reasons for
excluding any studies at the second level of screening were recorded and reported in the results. Data
extracted were: test MP characteristics (size, origin, shape, polymer, density), test cell model
characteristics (origin, cell density), MP concentration of applied dose (in any quantified unit),
duration of exposure, biological endpoint, test, biological marker and outcomes.

2.1. Synthesis of the results

The primary outcomes of interest were toxicity descriptors concerning all possible biological
endpoints, expressed either quantitatively or qualitatively. Each study included multiple outcomes
testing a range of experimental conditions. Different methodologies and methods were used across
studies. Similar biological endpoints, tests and biological markers were grouped to achieve the best
possible relevance and comparability. All outcomes were synthesized and explored in a narrative

analysis following the guidelines set down by the Centre for Reviews and Dissemination (2009) and
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the Cochrane collaboration (Higgins et al., 2021) and the results were reported according to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement (Liberati
et al., 2009; Moher et al., 2009). Quantitative results were explored via meta-regression, modifying
the approach of Borenstein (2009) and dose-response thresholds were reported in a statistical
summary. The initial protocol for the rapid review included a traditional meta-analysis design using
mixed-effects models (random and fixed-effects) to collate scientific data. Unfortunately, a meta-
analysis was not possible as effect sizes were not reported, only the statistical significance of the effect

at certain probability thresholds (for further information see 3.4).

A novel meta-regression analysis was used instead to explore and assess the relationship between
certain predictors, namely, the experimental characteristics (from now on termed covariates) and the
dependent variable (effect size) which in this case was the binary outcome of whether a statistically
significant difference from the results of the negative control samples (using probabilistic analysis)
was detected or not, from now on denoted as SIG. and N. SIG. The relationship between covariates
and outcome is measured by estimating the probability of class, where class is the binary outcome, 0
or 1 (Osborne, 2015). One limitation of the analysis was that unit weights were assigned to the studies
as the precision of their respective effect estimate was not known. In order to achieve meaningful
analysis grouping and comparison, results were collated, in the first instance, by biological endpoints
and then by the reported outcome, where it was possible and appropriate. A series of simplifications
were applied on the covariates for coherence and to allow meaningful analysis (see Supplementary
Material, SM 1, part 1). The main outcomes of the logit model were the intercept and the regression
coefficient estimates () which accompanied by a p value informed us as to the effect of the covariate
on the outcome. All analysis was performed in R (version 4.1.1) (R Core Team, 2019) using RStudio
(version 1.2.1335). A series of diagnostic tests were used to evaluate the logit models. Multi-
collinearity was assessed by calculating the Variance Inflation Factor (VIF) value (Craney and Surles,

2002; Thompson et al., 2017). The overall performance of the models was judged by the prediction
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error of the coefficients in the model, which was calculated using the MASS package in R (Venables
and Ripley, 2002). Predictions of both outcomes were also reported in a contingency table. Linearity
between the covariates and the logit of the outcome were explored graphically. Extreme values and
influential values were detected by visualizing the Cook’s distance values (Osborne, 2015) and
examining the standard residual errors (Menard, 2002). All-subset logistic regression was also used to
detect the best possible combination of covariates to predict the outcome. The criterion to determine

the best-subset model was the Akaike Information Criterion (AIC).

Furthermore, multilevel logistic modelling was used to account for the heterogeneity caused by the
data clustered within different studies (Sommet and Morselli, 2017). The multilevel models used a
random intercept representing the nesting of the data in the studies. Three steps were used: first, a null
(empty) model was created which did not include any of the level-1 predictors but allowed intercepts
to vary across clusters and calculated the intraclass correlation coefficient (ICC), which quantifies the
proportion of the variation between the clusters in the total variation. Second, a model was fitted that
included a random intercept and a fixed slope, to examine the variation of the level-1 effects between
clusters and third, random intercept and random slope/s models were fitted to understand the variance
of slopes across clusters (Aguinis et al., 2013). Analysis was performed in R (R Core Team, 2019)
using the additional package of Ime4 (Bates et al., 2015). The overall assessment of the certainty of
the evidence for each study was guided by the five domains of the GRADE framework (Higgins et al.,
2021) and classified into four certainty ratings: high, moderate, low and very low.
2.2. Risk of Bias (RoB) assessment

An integral part of any systematic review is the assessment of each studies’ validity (reporting, internal
and external). This process is termed a risk of bias (RoB) assessment and uses a checklist approach to
promote an objective assessment, based on the published or readily available material. A number of

RoB tools exist (Hooijmans et al., 2014; Schaefer and Myers, 2017; Whaley et al., 2020; Woodruff
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and Sutton, 2014). A tool was needed for application in the field of MP toxicological studies to address

the specific issues arising in this particular field.

The development of the MP toxicological RoB tool (MP-tox-RoB) has been informed by the US
National Toxicology Program’s Office of Health Assessment and Translation (OHAT) (OHAT, 2019)
RoB tool, guidelines by US EPA (2018) under the Toxic Substances Control Act (TSCA) risk
evaluations and our previously developed RoB tool for MP environmental research (Danopoulos et
al., 2020a; 2020b; 2020c). The principles underpinning its development are those that govern the
Cochrane systematic reviews of interventions (Higgins et al., 2021; Sterne et al., 2016). There are eight
domains tailored to MPs research with 31 signalling questions: test MP and model information, test
design, MP exposure characteristics, quality assurance/control and confounding, outcome assessment,
analysis, result reporting and other sources of bias followed by an overall rating. The check list can be
found in SM 1, (Table S1). The MP-tox-RoB tool is intended for the appraisal of studies employing
experimental study designs. The overall rating of each study could be low, moderate, serious or critical
(SM1, Table S2) and it was used to judge the inclusion of the study’s evidence in the rapid review and
the meta-regression. More information on the tool’s assessment process is provided in the
explanation/elaboration section (SM1, part 4). MP-tox-RoB is not based on static scales but scientific
judgement and the currently available body of evidence. In this sense, the tool will be continuously
evolving since the standard of each study is measured against other similar studies and not a ‘gold
standard’. As new studies become available the standard will inevitably shift, aiming to become
increasingly higher as studies’ quality enhance. It is essentially a state-of-the-science approach not a

gold-standard approach.

10
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201 3. Results
202 3.1. Study selection

203  Database searches identified 166 publications, and a further two were identified from searching the
204  reference lists of relevant reviews. During the first level screening 144 studies were excluded based on
205 their title and abstract. The full text of 24 studies was then assessed and 17 met the eligibility criteria
206  set for this rapid review. Eight of those studies were included in a quantitative meta-regression (Figure
207  1). The reasons for the exclusion of the studies in the second-level screening are provided in SM 1,

208  part 3.

Records identified through Additional records identified
database searching through other sources
(n = 166) (n=2)

A 4 A4

Records screened R Records excluded
(n=168) > (n=144)

A

Full-text articles assessed Full-text articles excluded,
for eligibility with reasons
(n=24) (n=7)

.

Studies included in
qualitative synthesis
(n=17)

A

Studies included in
quantitative synthesis
(meta-regression)
(n=8)

209

210  Figure 1. Prisma flow diagram. The chart illustrates the flow of information in the initial parts of the
211  rapid review starting from the identification of records and through the first and second-level
212 screening. The reasons for any exclusion of papers in the full-text assessment are provided in

213 Supplementary material 1, part 2.

11
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3.2. Study characteristics
The characteristics of the studies are presented in Table 1. In order to facilitate the presentation of this
versatile data frame, the biological endpoints have been grouped in five categories: cytotoxicity,
immune response, oxidative stress, barrier attributes and genotoxicity, as illustrated in Figure 2. The
studies used 15 different cell models and co-cultures, testing 10 different polymers, using more that
30 different tests/biological markers. Full test conditions and results are presented in a spreadsheet in

Supplementary material 2.

Table 1. Study characteristics for microplastic (MP) toxicological human cell studies.

Study Polymer Origin Particle Shape Cell model Biological
size (um) endpoint
Brownet PS primary 0.202 and  Spherical A549 Immune response
al. (2001) 0.535
Choi et al. PS secondary 525, Randomly = PBMCs Cytotoxicity *
(2020) 2575 shaped
and RBC-removed  Immune response
75200 PBMCs
KATO I cells  Cytotoxicity
HeLa cells Cytotoxicity
HDFs Cytotoxicity,
Oxidative stress
Choi et al. HDPE primary 1-10,50  Spherical PBMCs Cytotoxicity,
(2021) (45-53), Immune response
and 100
(90-1006) HMC-1 cell Immune response
line
LDPE secondary  25-75and Randomly
75-200 shaped HelLa Cytotoxicity
HDFs Cytotoxicity,
Oxidative stress
(Donget PS primary 1.72 + Spherical BEAS-2B Cytotoxicity,
al., 2020) 0.26 cells Oxidative stress,
Immune
response,
Barrier integrity,
Predictive

biomarker for
COPD

12
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Goodman PS primary land 10  Spherical A549 Cytotoxicity,
et al. Cell
(2021) proliferation,
Internalization
Hanetal. PVC secondary  25-75and Irregular PBMCs Cytotoxicity,
(2020) 75-200 Immune response
HMC-1 cell Immune response
ABS line
HDFs Cytotoxicity
HeL a cells Cytotoxicity
Hesler et COOH -PS primary 0.5, Spherical Co-culture: Cytotoxicity,
al. (2019) (0.4658 £ Caco-2 and Barrier integrity,
0.0102) HT29-MTX- Translocation,
El12 Uptake
BeWo b30 cell  Cytotoxicity
line
Co-culture: Barrier integrity,
BeWo and Translocation,
HPEC- A2 Uptake
cells
p53-sensitive Genotoxicity
reporter cell
line
Hwanget PP secondary  ~20 and Various PBMCs Immune response
al. (2019) ~200 (25— shapes
200) HDFs Cytotoxicity,
Oxidative stress
HMC-1 cell Immune response
line
Hwanget PS primary 0.460,1,  Spherical HDFs Cytotoxicity,
al. (2020) 3,10, 40 Uptake
and 100
PBMCs Cytotoxicity,
Immune
response,
Uptake
HMC-1 cell Immune response
line
Lehner et PA6 secondary 72" Fragments  Co-culture: Cytotoxicity,
al. (2020) PU 253° Caco-2/HT29-  Immune
(hardened) MTX/ response,
TPU (ester) 264" MDM/MDDC  Barrier integrity
PP (Sun) 282°
Liuetal. PS primary 0.land5  Spherical Caco-2 Barrier integrity,
(2020) monolayer Permeability,
model Oxidative stress,

13
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t-PS secondary  0.4402 ¢ Paracellular and
trans-membrane
transport,
Immune response
(Schirinzi PE primary 3-16 Spherical TI98G cells Cytotoxicity,
et al., (with NPs Oxidative stress
2017) 0.1-0.6)
PS primary 10 (with  Spherical HeLa cells Cytotoxicity,
NP 0.04 - Oxidative stress
0.25)
Stock et PS primary 1,4,10 Spherical Caco-2 cell Cytotoxicity,
al. (2019) line Uptake
Co-culture: Uptake
(mucus) model:
Caco-2 cells
and HT29-
MTX-E12 cells
Co-culture: Uptake
(M-cell)
model: Caco-2
cells and Raji
B
MO Uptake
macrophages
(from THP-1
cell line), M1
and M2
M1, M2 ¢ Macrophage
polarization
Stock et PE primary 2.2 (1-4), Spherical Caco-2 cells Cytotoxicity
al. (2021) 16.5 (10-
20) HepaRG Cytotoxicity
PE primary 90.1° Powder
PP secondary  67.1° Powder HepG2 Cytotoxicity
PET primary 60 " Powder
PVC primary 136.5" Powder Caco-2 model  Uptake
Wang et PS primary 0.3,0.5, Spherical Caco-2 Cytotoxicity,
al. (2020) 1,3,6 Oxidative stress,
Uptake
Wuetal. PS primary 0.land5  Spherical Caco-2 cells Uptake,
(2019) Cytotoxicity,
Oxidative stress,
Barrier integrity
Wuetal. PS n/r 5 n/r Caco-2 cells Cytotoxicity,
(2020) Oxidative stress,

Gene expression
alteration

@ cytotoxicity was accessed via cell viability unless stated otherwise, ® median size, ¢ original and

transformed via a digestive process to mimic human digestive processes, ¢ 100 nm transformed size:

14
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440.2 nm, Sum transformed size: not reported (n/r), ¢ MO macrophages differentiated from THP-1 cell
line, exposed to MPs, and then polarized to M1 and M2, f polydisperse, mean diameter provided in the
source, ¢ spherical according to the manufacturer Microparticles GmbH. Note: ABS, acrylonitrile
butadiene styrene; A549 adenocarcinomic human alveolar basal epithelial cells, BEAS-2B, human
lung epithelial cells; BeWo b30, human placental choriocarcinoma cell line; Caco-2, human
adenocarcinoma cell line; COOH, carboxy-modified surface; COPD, chronic obstructive pulmonary
disease; CPS, Carboxylated polystyrene; HDFs, human dermal fibroblasts; HeLa, cervical cancer cells;
n/r, not reported; HepaRG, human hepatic cells; HepG2, Human Caucasian hepatocyte carcinoma
cells; HMC-1, the human mast cell line-1; HPEC- A2 cells, SV40-transformed microvascular human
placental venous endothelial cells; HT29-MTX-E12, a mucus-secreting subclone from colon
adenocarcinoma HT29 cells differentiated into mature goblet cells; KATO III, gastric cancer stem
cells; MDM, human blood monocyte-derived macrophages; MDDC, dendritic cells; M-cell, Microfold
cells; MO,1,2, macrophages; NIH/ 3 T3, murine fibroblast cell line; NP, nanoplastics; PBMCs,
peripheral blood mononuclear cells; PA6, polyamide; PE, polyethylene; PP, polypropylene; PS,
polystyrene; PU, polyurethane; p53, sensitive reporter cell line based on the human liver carcinoma
cell line; Raji B, human lymphocytes cells; RBC, red blood cells; T98G, human glioblastoma
multiforme cells; THP-diff., THP-1 cells differentiated into macrophages; THP-1, human
monocytic cell line; t-PS, digestive tract transformed PS-MPs; TPU, polyurethane ; U937, human

histocytic lymphoma cells

The studies used 28 test MPs: 16 primary and 11 secondary, while the origin of one test MPs was not
defined (Wu et al., 2020). The primary test MPs were spherical (13 out of 16) and powders (three out
of 16); the secondary MPs (11) were all consisting of irregular shapes. Seven out of the 17 studies did
not use spherical MPs. Choi et al. (2020), Han et al. (2020), Hwang et al. (2019) and Lehner et al.
(2020) used secondary, randomly-shaped, in-house produced MPs. Choi et al. (2021) used both
spherical, primary MPs (HDPE) and randomly-shaped, secondary MPs (LDPE). Stock et al. (2021)
also used a combination of primary, commercially sourced microspheres (PE) and powders (PE, PT,
PVC) as well as secondary, grounded powders (PP). Liu et al. (2020) used both primary, spherical PS
MPs and secondary, irregularly shaped MPs. All the studies, apart from Lehner et al. (2020) and Liu

et al. (2020) used a variation of a ball-mill method to create their secondary MPs. Lehner et al. (2020)

15
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used a combination of methods applying cryogenic temperatures followed by milling, while Liu et al.
(2020) used a digestion process to mimic the digestive tract. Wu et al. (2020) did not report the origin

nor the shape of the MPs they used.

Four studies (Choi et al., 2020; Choi et al., 2021; Han et al., 2020; Hwang et al., 2019) reported only
the size ranges used in the experiments, while 10 studies provided the exact sizes (Brown et al., 2001;
Dong et al., 2020; Goodman et al., 2021; Hesler et al., 2019; Hwang et al., 2020; Liu et al., 2020; Stock
et al., 2019; Wang et al., 2020; Wu et al., 2019; Wu et al., 2020), one study (Lehner et al., 2020)
provided the MP size distributions (D10, D50 and D90). One study (Schirinzi et al., 2017) provided a
range value for one of the test MPs (PE) and a specific size for the other (PS). One study (Stock et al.,
2021) provided ranges for two test MPs (PE 1-4, 10-20 pm) accompanied by the mean diameter, as
measured in the laboratory via SEM, for those and the remaining test MPs (PP, PET, PVC and PE 90

um). The overall size range was 0.1 to 282 um.
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Figure 2. Biological endpoints, cell models and test MPs polymers used in the cumulative experiments

reported by all studies. Note: ABS, acrylonitrile butadiene styrene; A549, adenocarcinomic human

alveolar basal epithelial cells; Barrier att., Barrier attributes; BEAS-2B, human lung epithelial cells;

BeWo b30, human placental choriocarcinoma cell line; Caco-2, human adenocarcinoma cell line; co,

coculture; Genotox., Genotoxicity; HDFs, human dermal fibroblasts; HeLa, cervical cancer cells;

HepaRG, human hepatic cells; HepG2, Human Caucasian hepatocyte carcinoma cells; HMC-1, the

human mast cell line-1; Immune r., Immune response; KATO III, gastric cancer stem cells; LDPE,

low-density polyethylene; MO0,1,2, macrophages; Ox. Stress, Oxidative stress; PBMCs, peripheral

blood mononuclear cells; PA6, polyamide; PE, polyethylene; PP, polypropylene; PS, polystyrene; PU,

polyurethane; T98G, human glioblastoma multiforme cells; TPU, polyurethane
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3.2.1. Conversion of MPs mass to particle number
All the studies apart from one (Stock et al., 2019) used the mass of the particles to denote the MP
concentrations of the dose used in the experiments. Of the 17 studies included in the analysis, eight
attempted to convert the concentrations to another metric. Brown et al. (2001) and Goodman et al.
(2021) reported concentrations in both mg/mL and MPs/mL, while Stock et al. (2019) expressed the
concentrations in MPs/mL, pg/mL, um*/mL and um?/mL. None of the three studies reported their
method for the conversions. Choi et al. (2020) and Choi et al. (2021) used the basic volume to mass
conversion assuming that the particles were cubes, although they used spherical and randomly shaped
MPs. Dong et al. (2020) is one of the two studies that reported the concentration by surface area (cm?)
and stated that the mass concentration can be converted to particle concentration by multiplying by
5.12 x 10°, but did not provide any rationale for this conversion. Han et al. (2020) proposed the
averaging of volumes and densities across MPs to calculate exposures in MPs/mL. Hwang et al. (2020)

used the more specialized equations proposed by Connors et al. (2017).

For the purposes of this review, a conversion was used for any concentrations reported in the toxicity
studies (ug/mL) where studies did not supply both metrics (of either the amount or the mass), to the
metrics commonly used within the environmental studies (MPs/mL). The rationale for this approach
was that more details were available for the substances, as they have been handled in a controlled
environment. This conversion is therefore an estimation of what is used, primarily, to detect whether
the order of magnitude used in toxicity studies is relevant to the results reported by environmental
studies. It must also be noted that the concentrations expressed by surface area (cm?) could not be
converted nor directly compared to the rest of the units. To our knowledge, an available method does
not exist for the conversion of the concentration of irregularly shaped MP from pg/mL to MPs/mL or
vice versa. Therefore, the equation by Connors et al. (2017) for converting MP mass concentration to
abundance concentration was used for both spherical and irregularly shaped MPs. The equation is an

extension to the basic relationship between size, weight and density. When the conversions were
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reported by the studies, those concentrations were used. When the studies did not report the density of
the polymer, the standard density reported in literature was used: PE = 0.940 g/cm?, PP = 0.905 g/cm?

(Plastics Europe, 2021), and PS =~ 1.053 g/cm® (Mark, 1999).

3.3. Risk of bias
The results of the RoB assessment are presented in SM 1, Table S3 and in Figure 3. Five of the studies
were found to be of critical RoB and their results were omitted from the narrative and the meta-
regression analysis. All of the studies were assessed to have a RoB above the rating of low, implying
that they all suffered from deficiencies in some aspect. The only domain where critical RoB rating was
assigned was the test MPs and test model. Four studies (Han et al., 2020; Hwang et al., 2019; Wang et
al., 2020; Wu et al., 2020) did not provide information on the origin or identification of the basic test

material, whether MPs or cells.

The domain with the highest serious RoB rating was results reporting, where a series of issues were
noted. For example, Choi et al. (2020) stated that cell death was not affected following a 1-day
exposure to PS particles, but in a results figure, a significant difference (p<0.01) is reported for the
dose with MP concentration of 1000 pg/mL for the 5-25 pum size. Hwang et al. (2020) reported, in the
methods section, the use of four sizes of PS particles (460 nm, 1 um, 3 um, 10 pm) and six
concentrations of PS MPs (1, 10, 100, 500, and 1,000 pg/mL) for the cytotoxicity tests. However, in
the results section for the PBMCs, only three sizes (460 nm, 3 pm, 10 pm) were reported and an
additional concentration of 0.5 pg/mL is reported. Stock et al. (2019) did not report all the doses used
for the cytotoxicity assays. In the supporting information (Figure S4), four doses for each of the three
particle sizes are reported but not all of them. From the figures included in the results (Fig. 3, S1, S2,
and S3), it appears that for the sizes of 1 and 4 pm, more than four doses were used but not all reported.
In addition, the conclusion states that the sizes of 4 and 10 um particles were non-toxic, but the

corresponding figures suggest that only the 10 pm size appears to have no significant impact.
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Test MPs and test model

Test design

Exposure characteristics

Q/A - Q/C and confounding

Outcome assessment

Analysis

Results reporting

Overall risk of bias

0% 25% 50% 75% 100%

- Low risk D Moderate risk - Serious risk - Critical risk

Figure 3. Risk of Bias (RoB) assessment rating results. The four ratings are illustrated by percentage.
Individual rating per study and per domain is provided in Table S3 (SM2). Rating was executed
according to the RoB tool. Note: MPs, microplastics; Q/A, quality assurance; Q/C, quality control.

3.4. Synthesis
In accordance with the aims and objectives of this rapid review, the results of the studies are presented
by the biological endpoint that was under examination (Figure 2). When studies examined more than
one biological endpoint, the outcomes are discussed separately. The majority of the studies reported
their results only graphically. Therefore, the only “quantitative” results that could be extracted for all
the experimental conditions was the binary outcome SIG. and N. SIG. It should be noted that some of
the studies also reported in the figures the level of the detected significance (p<0.05, 0.01 or 0.001)
and these results are also reported in SM2. Certain outcomes, especially those related to cell barrier
behaviour (e.g. MP uptake), were only discussed qualitatively and are explored in a narrative analysis.
None of the studies provided the raw results, hindering traditional meta-analysis approaches. In
addition, the majority of the studies did not report the exact number of repeated tests and replicates for
each experimental condition, while there was also ambiguity as to the density of the cells. All these

pieces of information are vital for the execution of more in-depth analysis. It should also be noted that
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seven studies did not report the use of positive control samples (Goodman et al., 2021; Hesler et al.,
2019; Liu et al., 2020; Schirinzi et al., 2017; Stock et al., 2019; Wang et al., 2020; Wu et al., 2020).
Positive control samples are commonly used as an additional step to test the efficiency of the
experimental process. There was a complete absence of quality assessment and quality control
(QA/QC) reporting for cross contamination of test material and test models by airborne MPs. Only
one study (Prietl et al., 2014) reported that they examined the test material for contamination with
substances that could interfere with the experiments such as endotoxins. Stock et al. (2021) was the
only study to include a limit of detection (LOD) method for each particle type, thus incorporating a

quality assurance into their experiments.

Only about a quarter of the studies (Choi et al., 2020; Choi et al., 2021; Han et al., 2020; Hwang et al.,
2020) used data from environmental studies to provide a rationale for the concentrations of MPs used
in their experiments. The exposure to MPs on a weekly basis was largely the starting point for
calculating exposures for longer period of times. Choi et al. (2020) applied estimated exposures for
life-long exposures and used data from drinking water MPs contamination (Mason et al., 2018), while
Choi et al. (2021) and Han et al. (2020) used data for various food categories (Cox et al., 2019). Apart
from using data on food and water contamination, Hwang et al. (2020) also included data for personal
care products and assumed that using a facial scrub product which contains MPs can lead to MPs
intake, which has no scientific basis. They state that intake of PS MPs from personal care or biomedical
products is 4,594 — 94,500 per 5 mL of product per day. The study by Napper et al. (2015) is cited,
which provides these data but refers to the quantities of MPs released by a product to the environment
and not the intake of MPs by humans. Dermal absorption of MPs has been proposed as a possible route
for MPs exposure, but it has yet to be proven. According to the current practice in toxicology studies
in the field of MPs, 1 mg/mL was used as the maximum acceptable MP concentration of the applied

dose referring to life-long dietary exposures.
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In terms of mode of exposure, the majority of the studies considered the ingestion route. Three studies
focused on the inhalation route. Dong et al. (2020) used two doses with MP concentrations of 10 and
100 pg/cm?: one for general public and one for occupational exposures but did not offer a rationale.
The lower dose (10 pg/cm?), however, is in line with data from environmental studies (Wright et al.,
2020). Goodman et al. (2021) also stated that the MP concentrations considered for the doses (0.05 -
100 pg/mL) represented urban and industrial exposures but did not offer a justification. Brown et al.
(2001), on the other hand, argued that although the MP concentration of the doses (1000 pg/mL) were
larger than those found in ambient air, they were used to account for the susceptibility of the population

that is ordinarily affected by ultra-fine particle inhalation.

Four rather obvious but important parameters of the test MP and the test exposure must be noted.
When the size, and, therefore, the mass per particle of the test MPs remains the same, increasing the
concentration of the exposure (ug/mL) also increases the number of particles in the concentration
(MPs/mL). If the size of the test MPs is increased, and the concentration of the exposure (mg/mL) is
kept the same (as with the previous size of the test MPs) the number of particles in the concentration
(MPs/mL) will inevitably decrease. Furthermore, when comparing different polymers with varying
densities, the same concentration (ng/mL) contains more MPs/mL as the density of the polymer
decreases. The relationship between these three variables must be taken into consideration in any
attempt to analyse the data from the toxicology studies. The key distinction is whether to hypothesise
that the MP effect is related to the mass of the dose, and therefore inextricably linked to the delivered
volume of the substance, or to the number of particles which might also be linked to other parameters
of the substance such as the surface charge. The shape of the test MP both affects the volume - mass
relationship and the number of particles, and is, moreover, connected to surface characteristics of the
test substance and possible physical MP effects. Untangling the mechanistic origin of possible MP

effects is necessary in order to understand the overall toxicological behaviour of MPs.
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3.5. Cytotoxicity
3.5.1. Narrative analysis
Sixteen studies examined cytotoxicity effects on human cells after exposure to MPs (Table 1). Five of
the studies (Han et al., 2020; Hwang et al., 2019; Stock et al., 2019; Wang et al., 2020; Wu et al., 2020)
were rated as of critical RoB and were excluded from further analysis (Table 2). Cytotoxicity was
measured in terms of cell viability, cell proliferation, metabolic activity or cell barrier damage, with
several studies looking at more than one of these expressions (Table 1). The studies used 11 different
cell models, tested nine polymers of two shapes and origins, ranging from 0.1 to 282 um. Applied
doses ranged from MP concentrations of 0.01 to 100000 pg/mL while 14 tests/ biological markers
were used. Two studies (Dong et al., 2020; Lehner et al., 2020) expressed the MP concentrations of
applied doses as pg/cm?, ranging from 1 to 1305.5 and the results could not be directly compared with
the rest of the studies. All the details can be found in SM2. The results can be broadly grouped by the
reported outcome of the applied tests. Six different tests reporting cell viability rates compared with
negative control samples (CCK-8, HCA assay, LIVE/DEAD kit, MTS assay, MTT assay, WST-1
assay), were used by seven studies (SM2). Significant results were reported for exposure to MPs of
five different polymers (LDPE, PE, PP, PS and PVC), of spherical and irregular shape, of primary and
secondary origin, with a size range of 0.5 to 137.5 pm and applied doses of MP concentrations between
0.01 and 100000 pg/mL, exposed for 24 and 96-hour durations. Goodman et al. (2021) also used an
MTT assay but reported the absorbance of MTT, instead of cell viability, as a measure of cellular
metabolic activity (cell proliferation). Significant results were reported for every condition tested (PS
MPs, sizes 1 and 10 um, concentrations 0.05 to 100 pg/mL). Goodman et al. (2021) argued that the
sole use of MTT assays for measuring cell proliferation and cell viability can introduce error, since,
when used for prolonged exposure duration, metabolic activity and cell numbers cannot be
disentangled and, accordingly, used further tests to verify results. Cell proliferation was examined by

measuring the expression of the Ki67 marker reporting reduced ability. Goodman et al. (2021) also
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used Trypan Blue exclusion and Calcein-AM/FACS assays, and reported little cytotoxicity of the
exposed cells, but did not report significance levels. Dong et al. (2020) used the Trypan Blue exclusion
assay reporting significant results only for PS MPs (1.72 pm) at concentrations of 10, 100 and 1000
ug/cm?. Enzymatic activity of caspase-3, 8 and 9 (reported as fold change) was measured by one study
(Stock et al., 2021) as a secondary measure of cytotoxicity (for their contribution to the cell apoptosis
pathway) and reported significant results only on caspase-8 activity at concentrations of 50000 pg/mL
for PE MPs (2.2 um) and PP MPs (67.1 pm) confirming the results obtained from corresponding MTT
assays. Two studies (Lehner et al., 2020; Wu et al., 2019) measured the release of LDH as a measure
of integrity of the cell membrane and one (Liu et al., 2020) of the monolayer as related to cytotoxicity

and all reported not significant results.

3.5.2. Meta-regression: Cell viability
Logistic regression modelling and multilevel modelling was used to examine the relationship between
the variables of the experimental characteristics and the outcome of the cytotoxicity tests. Seven
studies (Choi et al., 2020; Choi et al., 2021; Hesler et al., 2019; Hwang et al., 2020; Schirinzi et al.,
2017; Stock et al., 2021; Wu et al., 2019) expressed results in terms of cell rate viability (using six
different tests: CCK-8, HCA, Live/Dead kit, MTS, MTT, WST-1) and were found to be similar enough
to be grouped for a meaningful meta-regression analysis. It should also be noted that Choi et al. (2021)
did not report the results of eight samples regarding the exposure of HeLa cells to LDPE and therefore,
the data were not included in the synthesis. The characteristics of covariates that were explored,
coming from the seven studies that reported the rate of cell viability (310 data points), are presented
in Table S4. The first step in this analysis, which used such a diverse data frame with many covariates,
was to present the data visually to examine distributions and detect possible relationships (Ennos and
Johnson, 2018). A series of observations were made by examining Figure 4 A-D, where three of the
categorical covariates (cell model, cytotoxicity test, test polymer) and one integer covariate (duration)

are presented. The most-used cell model was HDFs followed by PBMCs (Figure 4.A), the most-used
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442  test was CCK-8 followed by the MTT assay (Figure 4.B), the most-used test polymer was PS followed
443 by PE (Figure 4.C) and the most-used exposure time was 24 hours (Figure 4.D). The exposure of 12

444 hours had no significant results (Figure 4.D).
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445

446  Figure 4. Distribution of the categorical covariates for the cell viability biological endpoint in the
447  studies included in the meta-regression analysis; (A) cell model, (B) cytotoxicity test, (C) test polymer,
448  and (D) integer covariate of duration of exposure. The outcome of significance results for the cell
449  viability (cytotoxicity) biological outcome are highlighted in red/blue outlines. Note: BeWo b30,
450 human placental choriocarcinoma cell line; Caco-2, human adenocarcinoma cell line; CCK-8, cell
451  counting kit 8; co, coculture; HCA, high content analysis; HDFs, human dermal fibroblasts; HeLa,

452  cervical cancer cells; HepaRG, human hepatic cells; HepG2, Human Caucasian hepatocyte carcinoma
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cells; KATO III, gastric cancer stem cells; LDPE, low-density polyethylene; LIVE/DEAD Kkit,
viability/cytotoxicity test; MTS assay, colorimetric cell proliferation assay kit; MTT assay, cellular
metabolic activity colorimetric assay; N.SIG., not significantly different outcome as compared to the
control; PBMCs, peripheral blood mononuclear cells; PE, polyethylene; PET, Polyethylene
terephthalate; PP, polypropylene; PS, polystyrene; PVC, polyvinyl chloride; T98G, human
glioblastoma multiforme cells; SIG,. significantly different result as compared to the control; WST-1

assay, cell proliferation assay

The relationship of the covariates of origin and shape are illustrated in Figures S1 and S2. Out of the
test MPs of primary origin (207), 69.5% (144) were spherical and the remaining 30.5% (63) were of
irregular shape. Unsurprisingly, 100% of the secondary test MPs were of irregular shape. All spherical
MPs were of primary origin, and all irregularly shaped MPs were of secondary origin. This overlap
was taken into consideration in the analysis. Regarding the significant reported outcomes for the
primary MPs (14), these were spherical (57%, 8 out of 14) and irregular (43%, 6 out of 14) shaped

MPs. A relationship between secondary MPs of irregular shape and toxicity was observed.

The distribution of the numerical covariates was examined statistically using the Shapiro test followed
by a skewness test (Table S5). All the data were found to be not normally distributed and present
moderate to high skewness, so the Spearman correlation test was used to detect correlations. Normality
of the independent variables is not an assumption for logistic regression (Osborne, 2015). The
numerical covariates correlation tests are presented in Figure 5. A significant positive correlation
(p=0.386, p<0.05) was detected between the size of the MPs and the applied concentrations expressed
in mass/mL, while a significant negative correlation (p=-0.687, p<0.05) was found between the size
and the concentrations expressed in MPs/mL. Finally, a significant positive correlation (p=0.316,
p<0.05) was also found between the doses of test MPs expressed in concentrations of mass and particle
number. This trend was also identified when the binary outcome (SIG., N.SIG.) was tested separately
as shown in Figure 5. These correlations were also taken into consideration in the next parts of the

analysis. A basic assumption in logistic regression is that all variables must be independent and should
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not be highly correlated with each other. Multicollinearity could reduce the effectiveness of the model
(Stoltzfus, 2011). The existing conceptual and statistical correlations between the three numerical

covariates dictate that not all three can be included in the same model.

size mass_per_ml MPs_per_ml outcome
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Figure 5. Correlogram between the numerical covariates and the outcome for the cell viability
(cytotoxicity) biological outcome. The scatterplots for each pair of numerical covariates are displayed
on the left part, Spearman correlation test results are displayed on the right, the diagonal shows the
covariates’ distribution. Note: N. SIG.: not significant difference as compared to the control, SIG.:
significant difference as compared to the control, Corr.: Spearman rank corelation p. Blue: SIG, Red:

N. SIG.. MP size in um. MP concentration expressed in both pg/mL and MP/mL.

Another important parameter was the range of sizes and concentrations that have been tested. As shown
in Figures 6 and S3, the majority of testing was focused on the smaller size range of MPs where many
different concentrations were tested. On the other hand, when looking at the doses tested, their
distribution, expressed in MPs/mg (Figure S3), was more skewed than when expressed in pg/mL
(Figure 6). This under-representation in doses (sizes and concentrations) can also be detected by
observing the quartiles illustrated in Figure S4, where the number of tests has been allocated in

quartiles.
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Figure 6. Distribution of test MPs characteristics of concentration (ug/mL) and size (um) for the cell
viability (cytotoxicity) biological outcome. N denotes how many times the same experimental
conditions were tested by studies. SIG. statistically significant outcome as compared to the control,

N.SIG. not statistically significant outcome as compared to the control.

3.5.2.1. Regression models
The relationship between experimental conditions and the outcomes was explored through regression
models. Two models were fitted in the first instance: one including the MP concentration expressed in
pg/mL and one in MPs/mL. The first model showed a better fit as both the residual deviance (RD) and
the AIC values were lower: RD 156.7 as against 168.04 (null 289.82), AIC 202.7 as against 214.04.
Therefore, all consecutive models only included the covariate of MP concentration expressed in
pug/mL, also recognizing that the MPs/mL metric is an estimation of the concentrations. The first

configuration of the model included all covariates. Three estimate coefficients (secondary origin, MTS
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assay and WST-1 assay) were not defined because of singularities. Using the alias(x) function (in R)
revealed that all three are highly correlated and linearly dependent with a number of other covariates.
Removing these covariates from the model did not affect the fit as the RD rose from 156.7 to 157.57
while AIC was reduced from 202.2 to 197.57 indicating a better fit. The difference between the two
models was not significant when compared using a likelihood ratio test (ANOVA, p>0.05). It should
also be noted that, as previously explored, there was an overlap between the covariates shape and
origin, so both could be explored, to an extent, by keeping one in the model. VIF was found to be <3
for all of the six remaining covariates so the conclusion was that there was not strong multi-collinearity
between the covariates (Craney and Surles, 2002; Thompson et al., 2017). Ten regression coefficient
estimates were found to be statistically significant, seven coming from the cell model covariate, one
from MPs characteristics and two from experimental characteristics. One coefficient was categorical
(irregular shape, f=5.913, p<0.001), one numerical (MP concentration in pg/mL, f=0.00005, p<0.01)
and one integer (duration, f=0.02, p<0.01). The powder shape exhibited a much lower effect size
(B=0.669) and it was not found to be statistically significant (p>0.05). In order to examine the covariate
of origin, a further model was fitted excluding the shape covariate which caused the multicollinearity.
All the same regression coefficient estimates were found to be statistically significant (seven cell
models, concentration and duration) with marginally different effect sizes, plus the secondary origin
(B=5.894, p<0.001). The AIC was found to be reduced slightly from 197.5 to 195.75 and the fit of the
model did not significantly improve (ANOVA, p>0.05). All the irregularly shaped MPs in the dataset
were secondary and all the spherical were primary, only the powders came from both sources. In order
to explore this relationship, a model was fitted where the characteristics of shape and origin were
merged into four categories: primary-spherical, primary-powder, secondary-powder, secondary-
irregular and only the estimation coefficient for secondary-irregular MPs was found to be statistically

significant (=5.537, p<0.01). In this model the polymer covariate could not be included due to
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multicollinearity. Following these results, the choice was made to go forward with the model that

included only shape and not origin.

Regarding the cell model covariate, seven out of the 10 cell models had statistically significant
regression coefficient estimates. Ranked by effect size, Caco-2 cells exhibited the highest prediction
of cell death (B=-4.6, p<0.05), followed by HepG2 cells (p=-4.9, p<0.05), HDFs (p=-5.53, p<0.001),
HeLa cells (B=-5.88, p<0.001), HepaRG cells (p=-6.47, p<0.05), PBMCs (=-7.2, p<0.001) and
KATO I cells (p=-8.12, p<0.001), as compared to the reference class of BeWo cells (f=-0.63,
p=0.55). To summarise, the cell model used, the MP characteristic of irregular shape (secondary
origin) and the experimental characteristics of MP concentration and duration of exposure predicted

the toxic outcome.

The classification prediction accuracy of the model was 89.4%, indicating the overall performance of
the model. In order to examine the usefulness of the model, it is important to determine how accurately
it can predict the outcomes (SIG./N. SIG.) (Ennos and Johnson, 2018). A data frame was created to
show whether the model correctly assessed the outcome for each data point, these predictions are
shown in a classification table (Table S6). These show the model correctly predicted the “N. SIG.”

outcome at a rate of 93.3% and the “SIG.” outcome at a rate of 63.6%.

The linearity assumption was tested by creating a series of scatterplots to determine if there was a
linear relationship between the numerical covariates and the logit of the outcome. As illustrated in
Figure S5, the linearity assumption was not met, which might have caused the covariates to affect the
model results disproportionally. The all-subset logistic regression method was subsequently used in an
attempt to identify the subset of covariates that produced the best performing logit model. The best-
subset model excluded the covariates of polymer type and size from the model, indicating that they

hindered the model’s performance. The residual deviance of the model was 168.02 (d.f. 296) and the
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AIC 196.2, showing a slight improvement in only the AIC value. VIF was found to be <3 for all of the
remaining covariates. The classification prediction accuracy was calculated at 88.1% indicating that
the performance of the best-subset model was not compromised, while the model was simplified by
reducing the number of the covariates. The aim of the all-subset process was to find a less complex
model without compromising accuracy. The predictions of the outcomes are shown in a classification

table (Table S7).

In the best-subset model (as in the previous model), the regression coefficient estimate was found to
be statistically significant for a number of covariates. Seven of the types of cell models had statistically
significant large effect sizes, indicating that specific cells were more vulnerable to reduced viability
due to MP exposure than others. The second covariate that stood out was shape. According to the
model, irregular- (randomly) shaped MPs of secondary origin displayed a larger effect size (=5.334,
p<0.001) than spherical MPs of primary origin, while powder MPs had a smaller effect size (p=-
0.05578), but the regression coefficient estimate was not statistically significant (p>0.05). Two further
coefficients: duration and MP concentration (pug/mL) had statistically significant results but small

effect sizes =0.0233 (p<0.01) and f=0.0000379 (p<0.01), respectively.

The best-subset model also improved the linearity between the numerical covariates and the logit of
the outcome, as shown in Figure S6, but did not change it substantially. In order to compare the full
and the best-subset model, a likelihood-ratio test was performed (ANOVA) which found that the
fitness of the best-subset model did not significantly improve (y*=-10.5, Df=-6, p>0.05) compared to
the full model, while it did improve compared to the null model (x°=121.8, Df=13, p<0.001). The
Cook’s distance values were used to visualise the most extreme values (Figure S7) (Osborne, 2015).
Although extreme values were depicted in Figure S7, in order to examine whether the values were also

influential covariates, the standard residual error was examined and was found to be at acceptable
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levels (<3) (Figure S8) (Menard, 2002). Following this examination, the conclusion was that no

influential outliers were found in the data set.

3.5.2.2.  Sensitivity analysis
In order to examine if the relationship between the covariates and the outcomes still held when the cell
model characteristic was removed, the logit model was fitted again only for the HDF cell model data,
which was the largest cell model subgroup in the data frame (65 data points). Only the covariates
indicated by the all-subset process (shape, duration, MP concentration) were used in this model in
order to achieve as direct a comparison as possible. In this data frame, only two of the three shape
categories are included (spherical and random). Once again, the relationship between shape and
outcome is statistically significant, as the spherical test MPs of primary origin were found to be less
likely (B=-5.514, p<0.001) than irregular MPs of secondary origin to have a SIG. outcome. The
duration covariate was also found to be marginally statistically significant (3=0.03, p=0.05). A further
model was fitted for the next largest data frame grouped by the cell model, which was PBMC cells (53
data points). A weak relationship between the concentration of MPs (ug/mL) and the outcome was
found to be significant (f=0.003, p<0.05), while the trends of duration and shape (and origin) were
detected but were not found to be significant: $=0.03, p=0.06 and p=-0.21, p=0.99, respectively. The
third largest data frame grouped by the cell model was Caco-2 cells (45 data points). Unfortunately,
no study tested irregularly-shaped test MPs so the relationship could not be examined. Five studies
were rated as of critical RoB (Table S3). The effectiveness of the RoB rating could not be assessed
due to missing data. The covariate of test MP shape was not reported or reported ambiguously by two
studies (Hwang et al., 2019; Wu et al., 2020), test MP origin was not reported by one study (Wu et al.,
2020) and the duration of exposure was not reported for a fraction of their experiments by one study

(Hwang et al., 2019).
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3.5.2.3. Multilevel models
The failure of the linearity assumption could be attributed to the heterogeneity of the data frame being
extracted by seven different studies, the heterogeneity of the experimental conditions across the studies
and the inability to weight the studies. To account for the heterogeneity caused by the clustering of the
data in studies, multilevel logistic regression models were fitted. First a null model was fitted. The
ICC of the null model was 0.41, meaning that 41% of the variations in the outcome could be attributed
to the clustering of the data in the seven studies. Next a random intercept and fixed slope model was
fitted. The model included all the covariates that were used in the full logistic regression model: cell
model, polymer, shape, duration, size (um) and MP concentration (ug/mL), plus a random intercept to
account for the clustering of the data by study. The multilevel model had the same results in terms of
prediction of coefficient estimates and accompanying p values. The same results were also generated
when the multilevel model used only the three covariates included in the best-subset model: cell model,
shape, duration and MP concentration (ug/mL), plus a random intercept for the studies. The fact that
the results remained the same in the multilevel modelling can be attributed to the results of the random-
effects variance for the studies’ 1-level grouping. The variance was 0, which means that the variation
between the clusters could be explained by the residual variance. In addition, it could also be related

to the small number of clusters.

Random-intercept and random-slope multilevel models were also fitted. The random-slope variance
was tested for all the covariates, one at a time. A likelihood ratio test was executed to compare each
model with the fixed-slope model, where the deviance of the models was compared as a measure of
fitness. None of the random-slope models were found to improve in a statistically significant manner
from the fixed-slope model. It should also be mentioned that it was not conceptually hypothesised that

there would be a difference of the covariates’ effects between studies.
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3.6. Immune responses
3.6.1. Narrative analysis
Ten studies considered immune responses to MP exposure (Table 1), examining different outcomes
broadly divided into release of histamine, release of (pro-) inflammatory cytokines and myokines (IL-
1B, 2, 6, 8,10, MCP-1, TNF-a), gene expression of cytokines (/L-8 and MCP-1) and differentiation of
THP-1 cells into macrophages and polarization. Three studies (Han et al., 2020; Hwang et al., 2019;
Stock et al., 2019) were rated of critical RoB and were excluded from analysis, two further studies
expressed MP concentrations as pg/cm? (Dong et al., 2020; Lehner et al., 2020) and as such could not
be directly compared with the rest of the studies. The release of cytokines/myokines was measured
using ELISA and gene expression via RT-PCR and results were reported using quantitative measures
by comparison to negative control samples. A wide range of experimental designs was used: five cell
models, seven polymers, three shapes, two origins, two tests, nine biological markers, MP sizes
ranging from 0.202 to 283 pm, durations from 2 to 96 hours and MP concentrations from 1 to 1000
ug/mL and from 10 to 1305.5 pg/cm?. The full experimental details and the results can be found in
SM2. Five studies reported results of significant immune response effects as follows. Although nine
biological markers were tested, only four were found to be significantly affected by MPs exposure.
Choi et al. (2020) found that exposure to irregularly shaped PS MPs significantly affected the release
of IL-6 and TNF-a at MP concentrations as low as 100 pg/mL, while all experiments had a 24-hour
duration. Choi et al. (2021) reported that the same biological markers were significantly affected by
spherical PE and irregular LDPE MPs at MP concentrations of 500 — 1000 pug/mL, for 96-hour
experiments. Hwang et al. (2020) reported the same markers being affected by spherical PS MPs
ranging from 0.46 to 10 pm at a MP concentration of 500 pg/mL, for 4-hour and 96-hour exposures.
Finally, Liu et al. (2020) reported that IL-8 and MCP-1 release were affected by irregular PS MPs
(0.404 pum) at a very low MP concentration of 20 pug/mL, for 96-hour durations. It should be noted that

Liu et al. (2020) was the only study examining MCP-1 but other studies measured IL-8. Dong et al.
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(2020) reported that both IL-6 and IL-8 were affected by spherical PS MPs (1.72 um) at MP

concentrations of 10 and 1000 pg/cm?, after 24-hour exposures.

3.6.2. Meta-regression: Cytokine release
Four studies (Choi et al., 2020; Choi et al., 2021; Hwang et al., 2020; Liu et al., 2020) that examined
the release of cytokines using ELISA techniques were included in the analysis, comprising 136 data
points. The studies expressed the results in terms of release amount (pg/mL) compared to the control
samples and measured six different cytokines. The characteristics of covariates that were explored are
presented in Table S8. The categorical covariates are illustrated in Figure S9 A-D. A few preliminary
observations can be made from inspection of the figures. The most used cell model was PBMCs
followed by Caco-2 (124 and 12 out of 136, respectively) (Figure S9.A). PS was the most used test
polymer, followed by PE and LDPE (102, 18 and 16 out of 136, respectively) (Figure S9.B). The
duration of exposure most frequently adopted was 96 hours (Figure S9.C), and two of the immune
responses under examination have no SIG. outcomes (Figure S9.C). Figure S10 shows the relationship
between the origin and shape covariates, where it is evident that all of the primary MPs that were tested
were spherical, and all of the secondary MPs were of irregular shape. Thus, only one of the covariates

could be included in the analysis but describe both MP characteristics.

The distribution of the numerical covariates was examined statistically using the Shapiro test followed
by a skewness test (Table S9). All data were found to be not normally distributed and present moderate
to high skewness. The Spearman correlation test was used to detect correlations. A not significant
positive correlation (p=0.12, p=0.15) was detected between the size of the MPs and the applied dose
expressed in MP concentration of pg/mL, while a significant negative correlation (p=-0.872, p<0.05)
was found between the size and the concentrations in MPs/mL. Finally, a significant positive
correlation (p=0.265, p<0.05) was also found between the doses of test MPs expressed in

concentrations of mass and particle number. The same trend was also identified when the binary
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outcome was tested separately as shown in Figure S11. As noted in the cytotoxicity analysis, the
conceptual and statistical correlations between the three numerical covariates dictate that not all three
can be included in the same model. The ranges of the sizes and MP concentrations that have been
tested in this data frame are illustrated in Figures S12 and S13. Similar to the cytotoxicity data frame
(see previous section), testing focused on the smaller MP size, while the range and distribution of MP

concentrations was better covered in doses expressed in pg/mL than MPs/mL.

3.6.2.1. Regression models
The model was first fitted with all the covariates on Table S8, but two coefficients (secondary origin,
MCP-1 test outcome) were not defined because of singularities, as they were highly correlated and
linearly dependent on shape, cell model and test outcomes. Excluding the two covariates and refitting
the model affected the residual deviance only marginally (55 from 49.1, null dev.= 98.5) nor did it
notably change the AIC (73 from 75). It must be noted again that all primary MPs were spherical and
all secondary were irregularly shaped. Only one regression-coefficient estimate was found to be
statistically significant: MP concentrations expressed in pg/mL (= 0.004, p<0.05), but when testing
for multicollinearity by calculating the VIF value, three covariates were found to exceed 5 (cell model,
duration and dose in MPs/mL) and one almost 10 (duration) indicating a problematic amount of
collinearity present. As the correlation between the MP concentrations expressed in pg/mL and in
MPs/mL was already conceptually (and statistically) known, two models were fitted one excluding
pg/mL and one excluding MPs/mL. The outcomes of the model revealed that by excluding MPs/mL,
all the covariates had VIF values below 2, while, when excluding pg/mL, VIF values continued to be
above 5 for three covariates (cell model, duration and MP concentration) which indicates high multi-
collinearity. Therefore, the decision was made to proceed without the covariate of dose expressed in
concentrations of MPs/mL, also recognizing that this metric is an estimation of the concentrations. The
model results showed two regression coefficient estimates as statistically significant, concentration

(ug/mL) (p=0.005, p<0.05) and duration (= -0.03, p<0.05). The shape and origin covariate was not

36



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

©2021. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/

found to be statistically significant but spherical primary MPs (as opposed to irregular shape secondary
MPs) did have a negative association with the outcome displaying a larger effect size of f=-1.15. The
all-subset regression method was consequently applied, which indicated that the best-subset model
excluded the polymer, shape and size covariates. The best-subset model found the three remaining
covariates to be statistically significant estimates: duration (f=-0.03, p<0.05), PBMC cell model (p=-

3.2, p<0.05) and concentration (pg/mL) (=0.004, p<0.05). VIF value was <2.

Comparing the two models, the residual deviance marginally increased from 61.072 to 64.578, but the
AIC decreased from 77.072 to 72.578 in the best-subset model. The overall prediction accuracy was
higher for the full model at 91.2% than the best-subset model 89.7%, so the exclusion of the covariates
somewhat affected the performance of the model. The predictions for each outcome for the full and
the best-subset model are shown in classification tables (Tables S10-11). Both models were better in
predicting the N.SIG. outcome (98.3%) than the SIG. outcome (37.5% and 25%) but the overall

prediction accuracy was very high (91.2% and 89.7%).

Apart from the multicollinearity, which was tested for each model individually, further diagnostics
were executed to test the basic assumptions of logistic regression. The linearity assumption was
examined through a series of scatterplots to detect if there was a linear relationship between the
numerical covariates and the logit of the outcome. As shown in Figures S14 and S15, the linearity is
improved in the best-subset model but is still not fully linear. The most extreme values were visualized
using the Cook’s distance values (Figure S16) (Osborne, 2015). The standard residual error for all the

covariates were at acceptable levels (<3) as illustrated in Figure S17 (Menard, 2002).

3.6.2.2.  Sensitivity analysis
The biological-marker covariate was also fitted to detect if it was associated with the results. The cell-

model covariate was excluded from this model as it presented singularities with the outcome. The
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regression-coefficient estimates were not statistically significant for any of the six biological markers
(Table S6). A further model was fitted for the largest subgroup of the data frame, categorized by
biological marker. The IL-6 outcome was chosen with 44 data points and 12/32 distribution of
outcomes (SM2). The model results showed that no coefficients were statistically significant, but VIF
values were extremely high, pointing to strong multicollinearity. The last model to be explored was a
subgroup of the data frame that included only the PBMC cell models (124 data points) which was
previously found to be a statistically significant predictor. The model could not express the covariate
of origin due to singularities. The model excluding origin found MP concentration as the only

statistically significant covariant ($=0.005, p<0.05), while all VIF values were <3.

The RoB influence could be tested in this data frame (184 data points). Three RoB categories were
included in the RoB covariate: moderate, serious and critical. The two covariates of origin and test
outcome could not be defined due to singularities and were not included in the model. Comparing the
RoB model with the full model we see that four prediction coefficients were statistically significant,
two similar to the RoB constrained model: duration (= -0.029, p<0.05) and MP concentration
(B=0.002, p<0.05) and a further two: spherical shape (= -1.548, p<0.05) and size (=-0.015, p<0.05),
with VIF values <2. The overall prediction accuracy was reduced to 88%, residual deviance 103.3
(null 138.65) and AIC 125.3. The all-subset regression method was used, which excluded the
covariates of cell model and polymer, and retained the coefficients of duration (f= -0.018, p<0.05),
MP concentration (f=0.002, p<0.05), spherical shape (B=-1.354, p<0.05) and size (f=-0.014, p<0.05),
in the best-subset model, with marginally changed effect sizes and VIF <2. Residual deviance of the
best-subset model was 110.43 and AIC 120.43. The overall prediction improved marginally at 88.5%

but was still less than the restricted RoB model.
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3.6.2.3.  Multilevel models
Multilevel logistic regression models were subsequently fitted to account for the data clustering
depended on the four studies included in the data frame. The ICC of the null model was 0.095, meaning
that 9.5% of the variations in the outcome could be attributed to the clustering of the data in the four
studies. The multilevel mixed model included fixed effects for the covariate and a random intercept
for the four studies. The covariates used for the model were: cell model, polymer, shape, duration, size
(um) and MP concentration (pg/mL). The results were similar to the previous model. Consequently, a
further model was fitted excluding the cell model covariate that was excluded by the all-subset
regression process. This model also produced the same results. Random-slope, random-intercept
models were also fitted testing one covariate at a time. Using the likelihood ratio test, none of the

random-slope models were found to significantly improve from the fixed slope.

3.7. Histamine release, oxidative stress, genotoxicity
Histamine release was examined by four studies (Choi et al., 2021; Han et al., 2020; Hwang et al.,
2019; Hwang et al., 2020) (Tablel). Each used one cell model (HMC-1), tested five different polymers
and used two different tests (ELISA kit, histamine assay) (Figure S18). Only two studies (Han et al.,
2020; Hwang et al., 2019) reported significant outcomes, and these were rated of critical RoB,
therefore the data could not be explored in a meta-regression. The rest of the studies (Choi et al., 2021;
Hwang et al., 2020) tested two polymers PE and PS for sizes ranging from 5.5 to 100 ym and MP
concentrations ranging from 10 to 1000 pg/mL for PE and 0.46 to 100 um and MP concentrations of

500 pg/mL for PS, but all of the test MPs were of spherical shape.

Nine studies examined oxidative stress (Table 1). Excluding the three studies rated of critical RoB
(Hwang et al., 2019; Wang et al., 2020; Wu et al., 2020), two studies reported significant outcomes.
Wu et al. (2019) reported a significant increase of intracellular reactive oxygen species (ROS)

generation after exposure to spherical, 0.1 and 5 um, PS MPs using Caco-2 cells at a MP concentration

39



771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

©2021. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/

of 200 pg/mL and Dong et al. (2020) after exposure to 1.72 um spherical PS MPs using BEAS-2B
cells at a MP concentration of 1000 pug/cm?. The results of the oxidative stress tests could not be
analysed in meta-regression due to the small size of the data frame (44 data points), and the use of four
different measures of the outcome. Two studies examined genotoxicity (Table 1) and one was rated of
critical RoB (Wu et al., 2020). The other study (Hesler et al., 2019) examined genotoxicity through
testing a p53 reporter, exposing Caco-2 cells to spherical 0.5 um PS MPs (up to 10 pg/mL), but all

results were non-significant.

3.8. Cell barrier
Ten studies (Table S1) examined the cell-barrier behaviour, relating to either cell viability or a series
of MP and cell-membrane or cell-model interactions: uptake (translocation, internalisation), barrier
integrity, permeability and trans-membrane transport. Two studies (Liu et al., 2020; Wu et al., 2019)
focused on cell barrier attributes in terms of cytotoxicity and both used the relative release of LDH as
the measure. No significant change to LDH release after exposure to spherical and irregular PS MPs
was reported. Barrier integrity was examined by three studies (Dong et al., 2020; Hesler et al., 2019;
Lehner et al., 2020) by measuring the transepithelial electrical resistance (TEER) before and after
exposure to MPs. Only Dong et al. (2020) reported a significant decrease in the barrier integrity after
exposure to spherical PS MPs (1.72 um) for 24 hours at two MP concentrations of 10 and 1000 pg/cm?.
The expression of the protein ZO-1, using an ELISA technique as a measure of disruption of the
barrier, was also conducted, and a significant decrease of Z0-1 after the same exposures observed. Liu
et al. (2020) examined the permeability of the cell barrier and reported significant down-regulation of
the expression of transmembrane transporters (ABCC2, ABCG?2) after exposure to irregularly shaped
MPs and spherical PS MPs (5 pm) at MP concentrations of 1 and 20 pg/mL for 96 hours. Liu et al.
(2020) was the only study that examined paracellular transport examining the expression of ZO-1 and
Occludin using qPCR, but only reported a significant down-regulation after exposure to NPs which is

beyond the scope of this review. The quantitative barrier integrity / permeability results could not be
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analysed in meta-regression due to the small size of the data frame (34 data points) and the use of six

different measures for the outcome.

MPs uptake/internalisation was examined by seven studies (Table 1) two of which were rated as of
critical RoB (Stock et al., 2019; Wang et al., 2020). The other five studies all used qualitative measures
for examining MP cellular uptake. Hesler et al. (2019) stated that spherical PS MPs (0.5 um) were
internalised by both the co-cultures they used (Table 1) after a 24-hour exposure. Translocation of MPs
was also detected in the apical but not in the basolateral compartment of the models. Stock et al. (2021)
exposed MPs (PE, PP, PET, PVC) to a Caco-2 trans-well model in order to examine cell uptake via
microscopic examination and fluorescence quantification of the cell membranes and reported that
intracellular uptake was detected only for spherical, PE MPs (1-4 um). Wu et al. (2019) reported that
both sizes (0.1 and 5 um) of spherical PS MPs entered the Caco-2 cells after a 12-hour exposure.
Goodman et al. (2021) confirmed the internalisation of 1 um spherical PS MPs for exposures from 24
to 96 hours via flow cytometry (Calcein AM and Ki67 assays) and phase-contrast microscopy, using

A549 cells. Hwang et al. (2020) did not report MP uptake results.

3.9. Characteristics of MP toxicological profile
The MP exposure characteristics that were examined in order to create a toxicological profile were
size, surface area, shape, surface charge, chemical composition, MP concentration and duration. Choi
et al. (2020) concluded that both chemical and physical effects influenced the observed toxicity.
Chemical effects were hypothesised to be related to the release of chemical reagents from the MPs,
while the physical effects came from the direct damage of cellular membranes. Choi et al. (2020) stated
that the effects were concentration-dependent, not MP size-dependent and noted that immune
responses and ROS generation were observed after short-term (i.e. 24-hour) cultures and cell death
after long-term cultures (i.e. after 96 hours). A subsequent study focused on the physical effects by

using both spherical and irregularly shaped MPs (Choi et al., 2021), concluding that the observed

41



820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

©2021. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/

toxicity was correlated with the ruggedness of the irregularly shaped MPs. In contrast, spherical MPs

did not affect cell death but did induce immune responses in high MP concentrations.

Hesler et al. (2019) focused on acute toxicity and highlighted the range of toxicological effects on
different cell models, noting that the sensitivity of cell models and co-cultures to MP exposure varies.
Hesler et al. (2019) was one of the studies which examined whether MPs could cross biological
barriers, reporting that the function of the intestinal and the placental barrier was not compromised.
MPs did not cross the co-cultures, but internalization by cells was confirmed. The authors also did not
exclude the possibility that long-term exposures (more than 24 hours) could have different results on
uptake and detected different responses and behaviour between the two models when exposed to MPs.
Furthermore, it was stated that responses were both size- and dose-dependent (MP concentration).
Lehner et al. (2020) also used an intestinal model but found no cytotoxic or inflammatory responses.
The size of the test MPs (50-500 um) was proposed as a possible explanation for the absence of effects,
which were much larger than the test MPs used by Hesler et al. (2019) (0.5 pm). It should also be noted
that Lehner et al. (2020) was one out of two studies that did not use a dispersion of MPs but, rather,
dry powder directly applied on the surface of the cells. Liu et al. (2020) used a Caco-2 monolayer and
examined the effects of two MPs: one primary and one secondary, processed to mimic the conditions
of the digestive tract. Differences between the measured effects on toxicity and immune responses
were detected and attributed to size and shape, especially on the corona that was created on the surface
of the secondary test MPs. The shape change was hypothesised to have altered the Zeta potential value
(surface charge) of the test MPs. It was not reported whether the MPs affected paracellular transport
but an abnormality of transmembrane transport indices were reported. Stock et al. (2021) examined
MP toxic effects as a result of intra-cellular interactions but concluded that cytotoxicity could not be
associated to specific polymers or shapes but only to extremely high concentrations (>10000 pg/mL)
of large MPs exceeding the intracellular uptake limit of <10um. Regarding particle uptake and

transport, the only test MPs found to cross the model’s barrier were in the size range between 1-4 um
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which coincides with the pore size (3 um) of the polycarbonate membrane which was integral to the

model used.

Wu et al. (2019) tested two different sizes of MPs (0.1 and 5 um) on Caco-2 cells and found differences
in mitochondrial depolarization which was attributed to the accumulation of the smaller MPs in
lysosomes. The larger MPs, on the other hand, could escape lysosomes, localize in other parts of the
cells and cause more damage, further triggering depletion of ATP and inhibition of ABC plasma
membrane transporter activity. A different mechanism was hypothesised for the smaller MPs, which
might have acted as substrates of the transporters thus causing competitive inhibition resulting in the

reduction of the ABC transporters’ action.

Hwang et al. (2020) stated that MPs (<1 pm) at high concentrations (>500 pg/mL) could be associated
with innate rather than adaptive immune responses and suggested that cells might recognize them as
pathogens. Other than that, no mechanism of toxicity has been proposed. Schirinzi et al. (2017) did
not detect cytotoxic effects but did report significant effects on ROS generation which were proposed

to be size-dependent, with no mechanism proposed.

Three studies focused on the inhalation route connected to the respiratory system (Brown et al., 2001;
Dong et al., 2020; Goodman et al., 2021). Brown et al. (2001) initially hypothesised that inflammatory
effects would be size-dependent but concluded that they were more likely connected to the MP surface
area and their ability to generate oxidative activity. Dong et al. (2020) stated that the underlying
mechanism for all the effects (cytotoxic and inflammatory) caused by MPs was the formation of ROS.
Goodman et al. (2021) noted that there could be a difference between short-term and long-term
exposures and highlighted that the effects of MPs in the lungs are likely to be cumulative for life-long

exposures. These authors suggest that the observed effects (reduced proliferation,
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morphological/behavioural changes) are all likely initiated by a mechanical signal caused by the MP

presence.

3.10. Statistical summary of evidence
In order to use the congregated data derived from all the studies in a way that is meaningful in the
context of risk assessment, threshold values must be defined. Threshold values can be expressed as no
observed adverse effect level (NOAEL) or/and lowest observed adverse effect level (LOAEL), both
relating to the level of exposure where no effect occurs (IPCS, 2009). The choice of the appropriate
data to be included in this part of the analysis were based on conceptual justification and the results of
the meta-regression. In the paradigm of dietary and atmospheric exposures of humans to MPs there is
a mix of polymers as illustrated by the systematic reviews on food and drinking water contamination
(Danopoulos et al., 2020a; 2020b; 2020c) and atmospheric studies (Jenner et al., 2021; Wright et al.,
2020). In addition, according to the meta-regression, polymer type was not found to be a significant
predictor of the outcome. The structure of the analysis, following the overarching categorization by
biological outcome, must be the cell model that was used in the experiments, which was found to be a
significant predictor in the meta-regression of the cytotoxicity outcome, followed by the size of MPs,
since different sizes can, in theory, reach different locations of the human body, and the applied dose
(MP concentration). A secondary categorization of duration can also be applied. The structure of the
data synthesis follows the categorization of cell model/ polymer/ size/ concentration/ duration. The
results of food-related and atmospheric MP studies also indicate that a small proportion of the MPs
discovered were spherical. Consequently, only the results of non-spherical test MPs will be included,
in order to achieve the best possible analogue to the MPs currently found in the environment, readily
available as contaminants for human exposures. In the process of dose-response modelling, in order to
ensure that the toxic responses are acknowledged across endpoints and subjects, the lowest observed
levels can be used across cell models as a measure of the most sensitive cells (IPCS, 2009). Likewise,

endpoints where clear dose-response is not present can be omitted. After examining the available data,
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lowest threshold values could only be defined for the endpoints of cytotoxicity, barrier integrity and
immune responses. Regarding the oxidative stress biological endpoint, only non-significant values
were reported for irregular MPs, (summarized in Table S12). Histamine responses and genotoxicity

were only tested using spherical MPs.

3.10.1. Cytotoxicity and barrier integrity
The results for all the non-spherical shaped MPs that significantly reduced cell viability are illustrated
in Figure 7. The lowest doses that reduced cell viability significantly are presented in Table 6
categorized by cell model. The lowest MP concentration (of 10 pg/mL) was found to affect the HDF
and HeLa cell models both in pg/mL and MPs/mL, while the smallest MPs (15 um) affected HDF,
HeLa, KATOIII and PBMC cells. One study (Liu et al., 2020) measured the effects of MP exposure
on the permeability of the cell barrier using a quantitative metric by evaluating transmembrane
transporters (ABCC2, ABCG2) via qPCR assay (Table 6). A series of tests/biological markers
investigations reported no significant results constituting a form of NOAEL, and these threshold values

are presented in Table S13. Full results can be found in SM2.

A striking finding worth highlighting, is that in a small number of studies, the highest applied MP
concentration per experimental condition was not the most effective, or not as effective in inducing a
response within one of the biological endpoints. This phenomenon has been observed in three studies
(Choi et al., 2020; Choi et al., 2021; Stock et al., 2021) within the results of two different cytotoxicity
tests. When examining the MTT assay results for Caco-2 cells exposed to PP MPs of 67.1 um, a
significant result for the 10000 pg/mL dose, but not for the 25000 and the 50000 pg/mL doses, is
reported for the same duration of exposure (Stock et al., 2021). The authors omit this from the
discussion, stating that PP was non-toxic. In another study, CCK-8 assay results for the HDF cells
exposed to PS MPs of 15 um, were significantly different for the 10 and 100 png/mL doses but not the

1000 pg/mL dose, after a 24 hour duration (Choi et al. (2020). The same pattern was observed for the
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50 um sized MPs but not for the 137.5 um sized MPs. Again, CCK-8 assay results for HeLa cells
exposed to PS MPs (only for the two test MP sizes: 15 and 50 um), and KATO III cells exposed to PS
MPs (only for the 15 pm sized MPs) all using a 24 hour duration, show the same pattern (Choi et al.
(2020). In contrast, in the same study, using the same cytotoxicity test, the same polymer but a different
cell model, in this case PBMC, the highest MP concentrations were the most effective at inducing a
biological response. Choi et al. (2020) attributed this non-linearity in the dose-response relationship to
the physicochemical characteristics of MPs, proposing that MPs at high concentrations likely formed
clusters, thus reducing their (physical) toxicity and leading to the linear toxicity pattern observed in
the PBMC cells due to their greater sensitivity. This issue was also reported in a subsequent study
using LIVE/DEAD assay results, when PBMC cells were exposed to 137.5 um sized LDPE MPs for
24 hours, but no comment was made in the discussion (Choi et al., 2021). Regarding spherical MPs,
the same issue was highlighted following WST-1 and MTT assays, using Caco-2 and BeWo cells
exposed to 0.5 um PS MPs (Hesler et al., 2019) and Caco-2 cells exposed to 2.2 um PE MPs (Stock et
al., 2021). Stock et al. (2021), omit these results, concluding that PE MPs were non-toxic. Hesler et al.
(2019), on the other hand, recognised that lower MP concentrations exhibited higher toxicity and
referenced the work by Vandenberg et al. (2012). The latter report that a non-linear dose-response
relationship (nonmonotonic) and low-dose effect of endocrine disrupting chemicals (EDC) is possible.
It was not clear how EDC toxic mechanisms was related to MPs or if Hesler et al. (2019) attributed

MPs toxic effects to chemical, instead of physical, interactions with the cells.

Table 6. Lowest applied non-spherical microplastic (MP) doses resulting in significant reduction of
cell viability after exposure to irregularly shaped MPs.

Cell Test Polymer | Size MP concentration Duration
model (um) pg/mL MPs/mL | (hours)
Caco-2
MTT PP 67.1 10000 70241 24
Caspase-8 PP 67.1 50000 351205 24
MTT PVC 136.5 75000 40228 24
qPCR PS 96
0.4402 |20° 290197
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22.1 1P 168
HDF CCK-8
PS
15 10 5630 24
50 10 152 24
137.5 10 7 96
LDPE
50 1000 16643 24
137.5 1000 800 24
HeLa CCK-8 PS
15 10 5630 24
50 10 152 24
137.5 10 7 96
HepaRG | MTT PVC 136.5 100000 53638 24
HepG2 MTT PE 90.1 50000 138889 24
KATO III | CCK-8 PS
15 100 56306 24
50 100 1520 24
PBMC LIVE/DEAD
kit
PS
15 100 56306 96
50 100 1520 96
137.5 1000 727 96
LDPE
50 500 8321 24
137.5 250 200 24

2 qPCR of ABCC?2 gene expression was used to test cell membrane permeability, ® gPCR of ABCG2
gene expression was used to test cell membrane permeability. Note: Caco-2, human adenocarcinoma
cell line; CCK-8, cell counting kit 8; HDFs, human dermal fibroblasts; HeLa, cervical cancer cells;
HepaRG, human hepatic cells; HepG2, Human Caucasian hepatocyte carcinoma cells; KATO III,
gastric cancer stem cells; LDPE, Low-density polyethylene; LIVE/DEAD kit, viability/cytotoxicity
test; MTT assay, cellular metabolic activity colorimetric assay; PBMCs, peripheral blood mononuclear
cells; PCR, polymerase chain reaction; PE, polyethylene; PP, polypropylene; PS, polystyrene; PVC,
polyvinyl chloride
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Figure 7. Applied MP doses that resulted in significant reduction of cell viability after exposure to
non-spherical microplastics (MPs). Dose expressed in MP concentrations in pg/mL (logio scale) and
MP size in um. Note: Caco-2, human adenocarcinoma cell line; CCK-8, cell counting kit 8; HDF,
human dermal fibroblasts; HeLa, cervical cancer cells; HepaRG, human hepatic cells; HepG2, Human
Caucasian hepatocyte carcinoma cells; KATO III, gastric cancer stem cells; LIVE/DEAD Kkit,
viability/cytotoxicity test; MTT assay, cellular metabolic activity colorimetric assay; PBMCs,

peripheral blood mononuclear cells

3.10.2. Immune response, cytokines
The release of four cytokines was found to be significantly affected after exposure to irregular MPs:

IL-6, IL-8, MCP-1 and TNF-a (measured using an ELISA technique). In addition, gene expression of
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IL-8 and MCP-1 measured via qPCR, was found to be significantly altered (Figure S19). The lowest
MP concentrations were found to affect the Caco-2 and PBMC cells (as shown in Table 7). The highest

doses not to exhibit significant results are presented in Table S14.

Table 7. Lowest applied MP doses resulting in significantly altered cytokine responses after exposure
to irregularly shaped MPs. ELISA technique used unless otherwise specified.

Cell Cytokines | Polymer | Size MP concentration Duration
model (um) ug/mL MPs/mL (hours)
Caco-2 1L-8
MCP-1
IL-8
mRNA?
MCP-1
mRNA?
PS 0.4402 20 290197 96
PBMC PS 24
IL-6
15 1000 563068
50 100 1520
137.5 100 73
TNF-a
LDPE 50 500 8321 96
PS 50 1000 15202 24

2 polymerase chain reaction (PCR) analysis used. Note: Caco-2, human adenocarcinoma cell line; IL-
, interleukin; LDPE, Low-density polyethylene; MCP-1, Monocyte chemoattractant protein-1;
PBMCs, peripheral blood mononuclear cells; PS, polystyrene; TNF-a, Tumour Necrosis Factor alpha

4. Discussion

This is the first rapid review, to our knowledge, focusing on MP toxicity on human cells and attempting
a meta-regression approach to determine whether MPs are toxic to humans. A large number of recent
reviews have examined the topic of MP toxicity with a broader scope, including animal in vitro and in
vivo studies (Chang et al., 2020; Jacob et al., 2020; Jeong and Choi, 2019; Kogel et al., 2020; Rubio et

al., 2020; Shi et al., 2021). Nevertheless, the scope of this review and meta-regression is unique as the
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aim was to combine quantitative and qualitative data to inform the steps of hazard identification and
dose-response within a risk assessment framework. Seventeen studies were included in the rapid
review reporting on five biological endpoints: cytotoxicity, immune response, oxidative stress, barrier
attributes and genotoxicity. Furthermore, seven studies were included in a meta-regression concerning
cell viability (cytotoxicity) and four concerning cytokine release (immune response). The findings of
this rapid review and meta-regression highlight that shape, origin, concentration and duration were the
main drivers in cytotoxicity as measured by cell viability tests, while cells exhibited varying sensitivity
to MP exposure. MP toxicity was linked to both physical and chemical effects across the different

biological endpoints, but physical toxicity was prevalent.

4.1. Risk of Bias tool and overall quality of evidence
The bespoke MP-tox-RoB played a key function in the review process and meta-regression. Five out
of the 17 studies were found to be of critical RoB and their findings have been excluded from the
analysis, thus elevating the overall confidence in our findings. The tool can also be used in the wider
setting of MP risk assessment in the stages of hazard identification and dose-response assessment. It
is not a static but an intuitive grading tool that can adapt and follow the scientific evolution of MPs
research. There was a great degree of heterogeneity observed in every aspect of the experimental
design among the included studies. MP-tox-RoB can also be used by researchers as a guide for the
design, execution and reporting of their project, thereby encouraging much-needed harmonization and
standardization which is presently lacking and is greatly needed in all aspects of MPs research

(Hartmann et al., 2019).

The overall certainty of the body of evidence was assessed guided by the GRADE framework (Higgins
et al., 2021). The evidence was downgraded in the domain of RoB rating and was not downgraded
regarding the four domains of heterogeneity/inconsistency of results, indirectness, imprecision and

publication bias. In addition, the body of evidence was not found to meet the criteria for an upgrade
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according to the domains of large effects, dose-response or plausible confounding. Therefore, the

overall certainty of the body of evidence was graded as low.

4.2. Polymer
PS was the most tested polymer, used by 12 studies, followed by PE and PP, each used in three studies.
PVC was tested by two studies and all the remaining polymers (ABS, PA6, PET, PU and TPU) were
only tested by one study. Indeed, PS MPs have been found in abundance in the environment, especially
in some atmospheric studies (Allen et al., 2019), but their popularity amongst toxicologists is not fully
backed up by data. The polymers with the highest demand and distribution in the last decades (in
Europe) have been PE, PP, PVC, PU, PET followed by PS (Plastics Europe, 2008, 2017, 2019, 2020).
In the interest of examining more aspects of MPs contamination and targeting evidenced
environmental exposures, more targeted polymer types must be examined. In our recent systematic
reviews on MP contamination of food (Danopoulos et al., 2020a; 2020b) and drinking water
(Danopoulos et al., 2020c), the most abundant MP polymers as reported by 72 studies were PE, PP,
PET and PA, the latter missing from the most popular list. On the other hand, Lithner et al. (2011)
attempted to rank the hazard of polymers based on the chemical composition of their monomers,
ranking those exhibiting carcinogenic and mutagenic properties as the most hazardous. According to
their findings the polymeric families of PUR, PAN, PVC, epoxy resins, and styrenic copolymers were
the most hazardous. Since, possible chemical effects from MPs are still under examination, testing of
these specific polymers could inform us whether the effects of the monomers are still present in their

descendent polymeric MPs.

It should also be noted that only five studies used a composition-identification method to either verify
or identify the chemical composition of their test MPs. Two studies used Raman spectroscopy (Choi
et al., 2020; 2021) and three used Fourier Transform Infrared spectroscopy (FT-IR) (Dong et al., 2020;

Liu et al., 2020; Wu et al., 2019). Along with pyrolysis, these are the three methods that are currently
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used by environmental MP studies as best practice to identify the chemical composition of particles
that have been extracted from samples. There is currently an ongoing effort to create reference material
for MP research in order to promote standardization between labs across the world. The use of these
methods by toxicology studies (and report of the results) would assist in this process as well as promote

transparency and reproducibility of their experiments.

The use of QA/QC measures are increasingly common practice in environmental MP studies but was
completely absent in the toxicological studies. The combination of negative and positive control
samples could be considered as a QA/QC measure to account for MP cross-contamination, regarding
the outcome, but would not provide information on the possible distortion of the dose-response effect.
The MP concentrations that have so far been used in the experiments are so large that additional cross
contamination could be considered negligible. In the future, as MP concentrations become lower, to

better represent environmental exposures, the use of QA/QC will become increasingly important.

4.3. Morphological characteristics
The majority of MP found in nature are secondary MPs of irregular shapes, as evidenced by numerous
studies in various environmental compartments (Burns and Boxall, 2018) as well as biota (Akoueson
et al., 2020; Li J. et al., 2018). Spherical shapes are not absent, but they are the minority. In the interest
of aligning actual environmental exposures and laboratory experiments, it is our view that future MP
toxicological research should be targeting secondary and irregularly shaped MPs rather that primary
spheres. In addition, none of the studies tested MP fibers which is one of the most prevalent MP shapes
found in the environment (Huang, Y. et al., 2021; Jenner et al., 2021). A further crucial aspect in using
irregular MPs is that more and more studies hypothesise and have begun to verify, that the
toxicological effects of MPs on cells are more physical than chemical. Shape is one the pivotal

characteristics as highlighted by three studies in this review (Choi et al., 2020; Choi et al., 2021; Liu
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et al., 2020). Liu et al. (2020) further connected origin (secondary), shape and size with surface area

and charge and the creation of a corona.

The only available characteristic connected to the origin of MPs was shape. Different weathering
processes in nature and in the laboratory can affect MP characteristics such as porosity, shape, size,
crystallinity, leaching and chemical properties (Sun et al., 2020), which may in turn affect their
potential toxicity, unfortunately this level of detail was not available in the papers under review. All
the secondary test MPs used by the studies were of irregular shape and produced in-house by either a
variation of the ball milling method or digestion. Overall comparison between the methods was not
possible in meta-regression, since the three included studies (Choi et al., 2020; Choi et al., 2021; Stock
et al., 2021) that used secondary, non-spherical MPs, all produced them via ball milling. Furthermore,
the level of detail that would be needed to review the methods’ specification and to compare the
physicochemical characteristics of the produced secondary MPs was not available by all studies. This

is an important area that must be explored as more data become available.

The relationship between the origin and the shape of the test MPs was evident in every part of the
synthesis and analysis. Including both covariates of origin and shape in the same regression model for
cell viability was not possible due to multicollinearity. A series of models fitting the covariates
consecutively revealed that shape was a better predictor that origin. Out of the two shapes of secondary
origin, only one produced significant results. The meta-regression findings on the cell viability results
support the hypothesis that shape is one of the drivers of the exerted toxicity. The regression coefficient
estimates of only one out of the three MP characteristics that were explored (polymer, size, shape) was
found to be statistically significant. Irregular shape, as compared to spherical shape had the largest
effect size (f=5.913) with the highest significance (p<0.001), followed by two experimental conditions
of duration (f=0.02, p<0.01) and MP concentration expressed in pg/mL (f=0.00005, p<0.01) and then

the type of cell model (seven out of ten, see section 3.5.2.1). This trend was also discovered in all-
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subset and in multilevel modelling. The toxicity mechanism related to shape is discussed in section
4.5. On the other hand, cytokine release meta-regression modelling found that only MP concentration
(ug/mL) and duration were the significant experimental characteristics as predictors of the outcome.
The trend of the association between irregular shaped MPs of secondary origin and the outcome was
still detected but it was not significant. In the cytokine release model experiments, the masking

between origin and shape was complete and the disentanglement of the covariates was not possible.

The other striking finding of the meta-regression models was that the size of the test MPs was not a
significant predictor of the outcome for both biological endpoints of cytotoxicity (cell viability) and
immune response (cytokines release). Contrary to these results, four studies included in the review
argued that the toxicological effects were somehow size-dependent (Hesler et al., 2019; Hwang et al.,
2020; Schirinzi et al., 2017), while one study further connected MPs size with surface area (Brown et
al., 2001). Nevertheless, it should be noted that all of these studies tested only primary spherical MPs,
further highlighting the need for testing secondary, irregularly shaped MPs to produce more

representative, and environmentally relevant results.

Regarding MP size, there is scientific evidence, beyond human studies, that MPs <20 um could enter
and translocate in the tissue of a wide range of biota (Hale et al., 2020), while others argue that particles
of sizes <150 pum are expected to be able to pass the human gut barrier and cause systemic exposure
with limited absorption (< 0.3 %) and only even smaller particles <1.5 um to have the ability to
translocate to other organs (EFSA, 2016). Recent studies analysing human sample tissue reported the
discovery of MPs in ranging sizes. In human colectomy samples, the size of identified MPs ranged
from 800 to 1600 um (Ibrahim et al., 2021), in human placenta from 5 to 10 pum (Ragusa et al., 2021)
and in human lung tissue from 1.6 to 5.58 pm (Amato-Lourenco et al., 2021). The differences in sizes
could be attributed to the physiology of the tissues. This initial data on the size of MPs could guide the

MP size ranges tested for toxicity.
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4.4. Doses and relevance of environmental exposures
Only four out of the 17 studies referenced data produced by MP environmental studies to estimate the
MP concentrations used in their experiments. There is currently an abundance of scientific data on the
level of MP contamination on a wide range of environmental mediums, to which humans can be
indirectly and directly exposed to, coming from primary studies, reviews, systematic reviews, meta-
analyses and modelling. There is no reason for study designs to be based on speculations. The profile
of hazard exposure can be described as a journey in the human body dependent on four processes:
absorption, distribution, metabolism and elimination (or excretion) (ADME) (EPA, 2019). The final
MPs uptake by the human body would be less than the MP intake through ingestion and inhalation. A
large amount of MPs are expected to ‘pass through’ the gastrointestinal system and be expelled, thus
reducing the final intake dose. Similarly, MPs could be expelled from the respiratory system by one
of the available defence mechanisms (structural, secretory, cellular etc.) (Canto et al., 1994). Two
parameters must be examined here: the amount of MPs that could remain in the human body, and
whether the duration of time that the MPs remain in the body is enough for them to cause an effect.
Exposure doses can be demarcated to applied, potential, internal (or absorbed)/delivered. Potential is
the dose that is taken into the body via ingestion and inhalation, applied is the dose that is available
for absorption and internal/ delivered are the doses that finally remain in the body (EPA, 2019). The
endpoint of exposure science is the dose that is delivered at the location where the toxicity pathway is
initiated thus triggering the health effect. WHO proposes a narrower separation to external (or
administered) and internal doses (FAO and WHO, 2009). Regarding dietary exposures, the intake
refers to the external dose, the amount that is systemically available would be the internal dose and the

target or tissue dose is the amount that is present in the tissue of interest (IPCS, 2009).

Since all the experimental doses used in the studies included were administered directly on cells or
cell models, the doses refer to internal or even target doses. Six studies applied doses of MP

concentrations in the range of 1000 and 100000 pg/mL which practically correspond to doses of
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several hundreds or even several millions of MPs particles, depending on the particle size. There is no
scientific evidence to support such kinds of exposures, unless examining life-long exposures, which
would then fundamentally alter the study designs in terms of durations. According to our previous
work, maximum annual MP exposures from consuming only two food categories (seafood and salt)
and drinking water (Danopoulos et al., 2020a; 2020b; 2020c) can reach up to 3.6 million particles,
which are potential doses. Applying the average density of the test MPs (1.1 g/cm?), used by studies
herein, and assuming spherical shape, that level of annual exposures can be transformed to a dose of
around 250 pg/mL of 5 pm sized MPs, or 250000 pg/mL of 50 pm MPs, which was the size of the test
MPs averaged across all studies (48.5 um). The level of these doses must be modified to represent not
potential but internal doses. Scientific evidence is not available at this time on MP toxicokinetics in
the human body but paradigms from other contaminants could potentially be applied (Dixit et al.,
2003). Internal doses are unlikely to be greater than such potential doses, and the latter can be used,
provided this caveat is made clear, as a starting point for determining the MP concentrations used in

toxicological experiments.

The range of doses tested for the cell viability and cytokines release (Figures 6, S3 and Figures S12-
13, respectively) reveal further limitations of the currently available data. Disregarding polymer type,
the cell viability doses (included in meta-regression modelling) ranged in size from 0.1 pm to 137.5,
but the majority of tests used the smaller sized MPs. One third of the tests (34%, 104 out of the 310
data points) involved test MPs in the range between 0.1 and 10 pum and although they used MP
concentrations of 0.01 to 50000 pg/mL, 73% of the tests applied doses up to 100 pg/mL. Similarly, in
the cytokine release tests although test MPs ranged from 0.4402 to 137.5 um in size, almost half of
them (46%, 62 out of 136 data points) used MPs up to 10 um, and 71% of this fraction (44 of 62 data
points) used doses up to 100 ug/mL. It is understandable that there a limit to the number of tests each
study can execute and analyse connected to timeframes and available resources, nevertheless, in the

future it would be useful that studies would target doses (MP sizes and concentrations) that have not
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been already tested by other studies in order to have a fuller picture of potential exposures. These data
might also help us understand if indeed there is a break in the linear relationship between
concentrations and outcomes that has been identified in a few studies regarding the cytotoxicity results,

or if it is an artefact.

The conversion of the concentrations to MPs/volume or mass is necessary in order to establish two
key parameters. Firstly, whether the concentrations used in the experiments were environmentally
relevant in terms of the level of exposure (for a specific duration of exposure) and secondly whether
these exposures are exceeded and under what circumstances. The reason that the conversion is
necessary is that the majority of environmental studies that provide evidence of MP concentrations in
various mediums use the MPs per volume or mass metric (Burns and Boxall, 2018; Connors et al.,
2017). Attempting the conversion of the data coming from environmental studies is not feasible as the
MPs extracted from the environment are a mixture of polymers with different chemical characteristics
varying in size and shape. Details at that level are not available in environmental studies. This is a
shortcoming that has been widely recognized and will be hopefully tackled in future research (Burns

and Boxall, 2018; Koelmans et al., 2019; Miller et al., 2021).

4.5. MP mechanisms of toxicity and thresholds of adverse effects
Little information is available on the underlying toxicity mechanisms and the experimental conditions
that drive MP toxic effects. Two recent reviews (Banerjee and Shelver, 2021; Yong et al., 2020) that
focused on MPs (and NPs) using human and animal in vitro and in vivo studies concluded that size,
MP concentration, surface charge and duration were related to MP uptake and cell toxicity with varying
effects amongst different mammalian cell models. Banerjee and Shelver (2021) also reported that cell
death mechanisms could be attributed to ROS generation, DNA damage and autophagy but pointed
out that these mechanisms are interrelated and might trigger each other. Priist et al. (2020), focusing

on neurotoxicity, proposed that factors that could affect the potential toxicity (besides MP
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concentration and duration) was the temperature at which the exposure takes place, as well as the MP
characteristics of size, hydrodynamic diameter and shape, affecting uptake, particle aggregation and
surface area/internalization capacity, respectively. Different mechanisms have been proposed by the
studies included in the current review. The heterogeneity of the test MPs, cell models and other
experimental conditions do not allow a direct comparison. Nevertheless, MP shape is highlighted as
an important MP characteristic in exerting toxicity (cell viability) by both narrative analysis and meta-
regression. The shape of MPs has been hypothesised to affect cell behaviour and viability either
directly or indirectly. There are different mechanistic level biochemical and physicochemical effects
proposed. Rugged or even sharp shaped MPs can directly damage cell membranes upon contact,
elucidating adverse effects (Choi et al., 2021). Shape, also related to surface area and surface charge,
can affect MP movement, the relationship between MPs and between MPs and biological barriers, thus
indirectly affecting cells. Surface charge can cause the MPs to aggregate resulting in particle
agglomeration, effectively increasing their size and surface areas which in turn could affect cell uptake
directly or indirectly by altering the electrostatic forces between MPs and cell membranes (Liu et al.,
2020). Agglomeration, which is more related to smaller sized MPs (<0.5 pm), and movement are also
affected by Brownian motion which is, in turn, depended on MP shape and size (Rist and Hartmann,

2018).

Wright et al. (2013) highlighted that the potential MP-induced adverse effects on the cellular and tissue
level would vary according to MP shape; while also affecting MP uptake by marine organisms. Cellular
shape-related effects were attributed to increased cellular uptake and the consequent apoptosis (Huang
et al., 2010). The contribution of MP shape to toxicity has also been explored in animal in vivo studies.
Au et al. (2015) found that PE MPs (powder) were significantly less toxic to Hyalella azteca than PP
fibers following acute exposures. Xia et al. (2021) reported that irregularly shaped secondary PVC
MPs were more toxic to Oryzias melastigma embryos than primary PVC MPs in powder form. The

importance of shape has also been highlighted by an ecological risk assessment study as follows. Jung
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et al. (2021), synthesised data from 32 in vivo animal studies, examining apical endpoints of toxicity
on aquatic organisms, reporting that small (<20 pm) non-spherical MPs may exert higher chronic

ecotoxicity impacts than spherical MPs.

The paradigm of asbestos could offer some additional insight regarding the MP mechanisms of toxicity
with respect to shape. Although the chemical composition of asbestos and MP particles is not similar,
there is an overlap in the size ranges, they are both highly bio-persistent compounds, and a notable
proportion of MPs are fibers. The size of the biologically critical asbestos fibers is considered as > 5
um, with a diameter < 3 um (WHO, 2000). MPs have recently identified in the human lung tissue of
13 of the 20 cadavers that were autopsied (Amato-Lourenco et al., 2021). The mean particle size was
3.92 um (£0.67) and the mean fibre length 11.23 (£1.96) um. The majority of the MPs identified in
the lung samples were fragments (87.5%) and the remainder, fibers (12.5%). While the underlying
mechanisms of asbestos induced toxicity has been researched for decades, there are still significant
knowledge gaps (Kuroda, 2021). Asbestos has been linked to various diseases of the lung, with cellular
injury (and the consequent generation of oxidative stress) and inflammation response to exposure cited
as the two initiating toxic mechanisms (Manning et al., 2002) (Brown et al., 2001; Dong et al., 2020;
Goodman et al., 2021). On finding MPs in human lung tissues, Amato-Lourengo et al. (2021) proposed
that MPs interaction with epithelial cell or macrophages could trigger pro-inflammatory effects.
Relevantly for this review, the complex interaction between asbestos and cells/tissue is affected not
only by dose and exposure duration, but also size, shape, chemical composition, the presence of metals,
surface reactivity and crystallinity as well as bio persistence (Sanchez et al., 2009). The shape of fibers
affect not only their potential to be inhaled, reach and remain in the lower parts of the lungs, but also
their interaction and detrimental effects on macrophages, leading to long-term sustained inflammation
(Manning et al., 2002). While MPs do not share the same toxicological profile as asbestos, lessons
learned can be used to examine the findings herein that shape is an important component of MP

toxicity.
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In terms of LOAELs and NOAELs, different concentrations were effective for different biological
endpoints and different cell models as summarised in Tables 6-7 and S8-10. Regarding quantitively
assessed tests, doses using MP concentrations as low as 10 pg/mL had an adverse effect on cell
viability and as low as 20 pg/mL on cytokine release, for irregularly shaped MPs. Oxidative stress
effects were identified at doses of MP concentrations of 200 pg/mL and 1000 pg/cm? of spherical PS
MPs. The highest MP concentration tested for histamine release with no observed effect was 1000
pg/mL of spherical PE MPs and the highest MP concentration for the genotoxicity biological endpoint
with no observed effect was 10 pg/mL of spherical PS MPs. MPs uptake, examined qualitatively, was
found to occur for only spherical MPs up to 5 um in size. It should be noted that only one study (Stock
et al., 2021) also analysed cellular uptake using non-spherical MPs, but used a different size range
(>60 um). Barrier integrity was reported to be affected after exposure to spherical PS MPs at MP

concentrations as low as 10 pg/cm?.

4.6. MP and human health effects; future risk assessment
The present and, arguably, the future of applied risk assessment and risk analysis is combining the best
available scientific data coming from multiple studies, since commissioned, targeted studies are not
always feasible or appropriate. Systematic reviews, rapid reviews and meta-analysis methodology is a
very powerful and reliable tool which can be used to that end (NASEM, 2021). Nevertheless, the
reliability and applicability of a systematic review is only as good as the studies it includes (Higgins
et al., 2021). Unfortunately, in the present work, the overall certainty of the body of evidence was
graded as low. In addition, none of the studies included in this review made their full data available.
This omission has prohibited the execution of a meta-analysis and has limited the power of the meta-

regression.

The outcome data that were used in the analysis were quantal (binary), therefore, information was only

available on one degree of effect regarding the chance of incidence for each experimental exposure,
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thus limiting our understanding of effects (IPCS, 2009). On the other hand, if raw data were made
available, it could provide vital information on how the degree of effect changes when exposure
characteristics change, providing a more comprehensive picture of the relationship. It is possible that
the variability of the tests used for cell viability may have affected the summary of evidence, since

there is no inter-comparability mechanism that can evaluate differences in the tests’ sensitivity.

All the toxicological studies have been carried out under controlled conditions, in order to extrapolate
from laboratory experiments to real-life environmental conditions, and from cell-based effects to
system-based or whole organism effects. A series of adjustments must therefore be made within the
risk assessment process. The intrinsic characteristics of MPs cause a further limitation of laboratory-
based toxicological experiments as follows. MPs are detected in the environment/foodstuffs as a mix
of polymers, so single-polymer exposures are not environmentally-relevant. It also is known that MPs
can absorb and later sorb various toxic substances (such as hydrophobic organic chemicals) (Hartmann
et al., 2017) as well as additives (plasticisers) that have been added during production (e.g. bisphenol
A) (Chang et al., 2020) thus exerting synergistic toxicological effects, that are at this moment under

examination (Hale et al., 2020).

S. Conclusions

MP contamination is on the verge of being established as MP pollution. A risk analysis is essential in
understanding the extend of the issue in terms of adverse effects posed to humans. In the absence of
epidemiological data, in vitro toxicology studies can be used to delineate the molecular initiating event
and the consecutive key events that lead to adverse effects in an adverse outcome pathways framework.
This first rapid review has synthesised and appraised currently available data using a novel RoB tool.
MP adverse effects in human cells have been confirmed by the majority of the studies regarding four
out of the five biological endpoints included in this review. Specifically, effects were reported

concerning cytotoxicity, immune responses, barrier attributes and oxidative stress, although not always
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corresponding to environmentally-relevant MPs regarding origin, shape and concentrations. Of the
various MP characteristics explored, shape was found to be the single characteristic that significantly
affects the cytotoxicity outcome. Out of the 10 different cell models used in the cell viability
experiments, Caco-2 cells exhibited the highest association to MP effects. Furthermore, the
experimental conditions that significantly affected both cytotoxicity and the induction of immune
responses were MP concentration (ug/mL) and duration of exposure. Further physicochemical
properties of the MPs under examination are needed to produce a fuller and more robust toxicological

profile.

A series of recommendations on the design and conduct of future research will benefit upcoming risk
assessments and the understanding of MP-related health effects in humans. Recommendations for

future MP toxicological studies:

Use of environmentally relevant doses based on data coming from MP environmental
studies, e.g. below 250 pg/mL of 5 um sized MPs, or 250000 pg/mL of 50 um MPs
corresponding to annual potential doses.

e Target doses (size and concentrations) that have not been the focus of testing to date (e.g.
doses > 100 pg/mL for MPs < 10 um and all environmentally relevant doses for MPs > 10
pum).

e Include secondary and irregularly shaped MP (not simply primary MP spheres for
convenience of procurement)

e Test polymers that have been found to be prevalent in environmental samples/foodstuffs

e Use of FT-IR, Raman or other verified method to identify the chemical composition of the
test MPs

e Use of QA/QC measures during and after experiments to verify results

e Use of the MP-tox-RoB as a set of guidelines for study design and reporting results
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e Report the origin and characteristics of test MPs and cell models
e Report full data results (perhaps also lodged in a shared international repository) including
o Number of repeated tests per experimental condition
o Number of replicates
o Cell density per experimental condition
More research is always needed to confirm existing results and complete the evidence gaps and the
results of this rapid review and meta-regression can be used to guide future efforts. For instance, from
the key findings herein, irregular shapes have biological impact, size is critical, and minimum doses
of 10 pg/mL (5-200 um) and 20 pg/mL (0.4 pm) resulted in cytotoxicity and caused immune responses,

respectively, indicating that thresholds of effects are much lower than previously expected.
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