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Abstract

The production of plastics has reached record levels, with nearly half a billion metric
tonnes produced annually. As such, there have been staggering increases in the amount
of mismanaged- along with landfill-bound plastic waste across the globe. This has lead to
increasing contamination of microplastics (MPs), or plastics smaller than 5 mm, caused by
degradation of consumer plastics. Further break down of MPs can lead to the formation
of nanoplastics (NPs), or plastics smaller than 1 pm. Both MPs and NPs (MNPs) have
been detected in nearly every human organ, including the brain, leading to an increased
public concern about their impact on the body. However, the vast majority of studies
that seek to understand the impacts of MNPs rely on industrially manufactured, ”pristine”
polystyrene (PS) nanobeads to serve as a proxy for the "real-world” plastics that are found
in the human body. While these particles can be beneficial to understand some of the basic
perturbations of plastics in the body, they are far too heterogeneous in terms of size, shape,
and composition to accurately model the polydisperse MNPs that have been found in human
organs. The absence of studies using relevant plastic models has led to concern in the field as
the general interpretation of the impacts of these ubiquitous contaminants remains loosely
connected to the real-life situation. This work aims to bridge this research grasp by not
only understanding the impacts of real-world MNPs derived from common plastic consumer
items, cups and forks, but also comparing these impacts against pristine PS-NPs that are
commonly used in toxicological studies. The impact that these pristine particles have, with
diameters ranging from 50 - 100 nm (PS-50), are directly contrasted against the impacts
elicited by cup-derived and fork-derived plastics (Cup- and Fork-MNPs) on the in vitro
brain target human microglial clone 3 (HMC3) cells. Plastics used for exposure underwent

extensive material characterization, including size, morphology, surface charge, trace-metal



contamination, and composition. Microglial cells, which comprise nearly 10% of the brain’
cellular composition, are the primary immune cells of the central nervous system (CNS) and
are commonly used in neuro-degenerative studies to measure the immune response of the
brain. By exposing these cells to physiologically-relevant concentrations of both real-world
Cup- and Fork-MNPs and comparing the impacts to exposure of pristine PS-50 NPs, the
discrepancies between the two plastic conditions can be identified and used to elucidate
potential shortcomings of previous studies in the field.

In the first chapter of this study, a comprehensive review of plastic generation, MNP
accumulation, and human exposures are detailed in order to serve as a basis for the study’s
impact. In the second chapter, HMC3 cells were exposed to 0.1, 1.0, and 10 pg/mL concen-
trations of real-world and pristine MNPs for 72 hours in order to elucidate the physiological
responses of the brain’s immune system. By focusing on redox homeostasis, inflammatory
signaling, and mitochondrial function, an assessment of the cellular responses to MNPs can
be made in order to understand the functional changes that may be seen in the brain. In the
third chapter, HMC3 cells were exposed to the same plastics at 0.1 pg/mlL, the lowest con-
centration tested, for 72 hours and had their transcriptome sequenced in order to assess the
impacts of MNPs on the brain at the gene-expression level. This allows for a detailed under-
standing of the cellular response in microglia that may be overshadowed by transcriptional
and translational lag time or cellular adaptations. Overall, pristine NPs were seen to elicit a
heightened response relative to real-world MNPs through decreased mitochondrial respira-
tion, mitochondrial membrane depolarization, decreases in ATP production, stronger inflam-
matory signaling, and greater redox perturbation, suggesting distress. Contrarily, real-world
MNPs displayed an adaptive cell stress response profile through lessened, often nonsignifi-
cant disruptions to many of these same parameters. This was further supported through the
pristine NP-exposed cells’ enriched endoplasmic reticulum (ER) stress and tRNA aminoacy-
lation pathways relative to real-world MNPs, suggesting significantly different stress profiles

even at the lowest concentration of MNPs tested. In both real-world MNP-exposed samples,



collagen formation-dominated expression profiles were observed, with both Cup- and Fork-
MNPs sharing similar transcriptomic enrichments.

Overall, this works serves to support the necessity of utilizing representative plastic par-
ticles to model the effects of MNPs on the human body, specifically the brain. The variations
in biological responses between real-world and pristine plastics at both the physiological level
as well as the transcriptomic level underscore this fact, as pristine particles were shown to
evoke stronger stress responses relative to real-world MNPs. By better understanding the
effects caused by MNPs from consumer products, researchers can more accurately assess the

risks posed by plastics and develop more effective mitigation strategies.
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3.2

Experimental Design. Plastic tableware (cups and forks) were cryomilled to form
micro- and nanoplastic (MNP) samples. These real-world particles were exposed
to human microglial cells (Human Microglial Clone 3; HMC3) at 0.1 pg/mL for 72
hours. Alternatively, pristine polystyrene nanoplastics (PS-50 NPs) were exposed
to HMC3 at an identical concentration to study the variations between pristine
and real-world MNPs. Following material characterization, next generation RNA
sequencing (NGS RNA-Seq) was performed to determine the transcriptome pro-
files of cells exposed to each plastic condition, n=3. Sample variations, gene
set enrichment analyses, differential gene identifications, and global expression
trends were analyzed to determine the gene-expression responses to real-world

and pristine MNPs . . . . . . . ..

Transcriptional Trends Amongst Human Microglia Exposed to Pristine and Real-
World MNPs. (a) Per-gene dispersion estimates (black) were plotted against
mean normalized counts and fit to a parametric trend (red) using DESeq2’s em-
pirical Bayes shrinkage procedure. Final shrunken dispersion estimates (blue)
reflect values pulled toward the fitted trend, reducing the influence of sampling
noise on genes with low counts. (b) Principal component analyses (PCA) between
variance stabilized transformation (VST) counts plotted in two dimensions. Each
point represents one biological replicate (n = 3) across Cup-MNPs, Fork-MNPs,
and PS-50 NPs. (c) Sample-to-sample distance matrix between each sample com-

bination (n=3) from VST counts. . . . . . . . ... .. ... L.
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3.3

3.4

Heatmap Presenting Global Transcriptomics Changes in HMC3 Cells Following
Exposure to Different MNPs after 72 Hours. Each row represents one gene and
Each column corresponds to one sample. (a) Hierarchical complete linkage clus-
tering of the top 500 ANOVA significant genes across all samples. (b) The same
500 significant genes without clustering, presented in order of significance from
top to bottom. One-way ANOVAs were applied to VST-normalized expression
values, adjusted using the Benjamini-Hochberg method. Row-wise Z-score scal-
ing was applied to each gene independently, normalizing expression relative to
that gene’s mean and standard deviation across all samples to enable direct vi-
sual comparison of relative expression patterns between treatment groups. Color

scale represents Z-score magnitude, with red indicating relative upregulation and

blue indicating relative downregulation. n = 3 replicates per treatment condition. 100

STRING Protein-Protein Interaction Network of The Top 500 DEG (One-way
ANOVA). The protein products of the DEGs genes were visualized by evidenced
interactions using STRING Database with the highest-confidence threshold (

0.9). Network nodes are colored by cluster membership as determined by k-
clustering (k = 27). Network edges are colored by evidence supporting these in-
teractions - green: neighborhood evidence; red: gene fusion; blue: co-occurrence;
black: co-expression; yellow: text mining; light blue: database-curated; pink:

experimentally determined. Disconnected nodes were removed for visualization.
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3.5

3.6

Differentially Expressed Genes in HMC3 Cells Exposed to Different MNPs for 72
hours. (a) The number of significant differentially expressed genes (DEGs) along
with their normalized expressions were plotted across each sample (Cup-MNPs
vs PS-50; Fork-MNPs vs PS-50; Cup-MNPs vs Fork-MNPs), identifying differen-
tial gene-expression changes between real-world and pristine samples. Significant
DEGs that overlap between treatments are visualized in (b) Venn diagrams and
(c) an UpSet plot, showing high degrees of overlapping between genes that were
upregulated in both real-world MNP samples as well as genes that were upregu-

lated in PS-50-exposed cells against real-world samples. . . . . . . ... .. ...

Gene Set Enrichment Analysis Pathway Networks Between Each Real-World and
Pristine MNP Sample. Enrichment maps depicting significantly enriched Reac-
tome pathways in (a) Cup-MNPs vs. PS-50 and (b) Fork-MNPs vs. PS-50. Each
node represents a Reactome gene set, with node size proportional to gene set
size. Edges connect gene sets with a gene overlap similarity coefficient — 0:375
(Jaccard). Node color reflects the normalized enrichment score (NES): red in-
dicates enrichment in the first-named group, blue indicates enrichment in the
second-named group, and color intensity scales with NES magnitude. Only gene
sets with FDR g-value < 0:05 and absolute NES above 1.5 are displayed. GSEA
was performed using GSEA v4.4.0 with gene set permutation (n = 1,000), Reac-
tome gene sets (MSigDB C2 v2026.1), and gene set size filters of 15-500 genes.
Networks were constructed and visualized in Cytoscape v3.10.3 using the Enrich-

mentMap app. . . . . . .
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3.8

Gene Set Enrichment Analysis of the Top Two Enriched Reactome Pathways in
Cup-MNP-Treated HMC3 Relative to PS-50. Enrichment plots for (a) Collagen
Chain Trimerization and (b) Assembly of Collagen Fibrils and Other Multimeric
Structures are shown along with specific gene enrichment heatmaps. Running
enrichment score is shown as the green trend line across the ranked gene list by
the t-test ranking metric. Genes associated with Cup-MNP treatment are shown
on the left in red while genes associated with PS-50 are shown in the right as blue.
Vertical tick marks indicate the position of the genes in the set in the ranked list.
Heatmaps display relative expression levels of each gene in the set, following the

same color scheme as the enrichment plots. . . . . . . .. . ... ... ... ...

Gene Set Enrichment Analysis of the Top Two Enriched Reactome Pathways in
PS-50-Treated HMC3 Relative to Cup-MNPs. Enrichment plots for (a) Cytoso-
lic tRNA Aminoacylation and (b) tRNA Aminoacylation are shown along with
specific gene enrichment heatmaps. Running enrichment score is shown as the
green trend line across the ranked gene list by the t-test ranking metric. Genes
associated with Cup-MNP treatment are shown on the left in red while genes as-
sociated with PS-50 are shown in the right as blue. Vertical tick marks indicate
the position of the genes in the set in the ranked list. Heatmaps display relative
expression levels of each gene in the set, following the same color scheme as the

enrichment plots. . . . . . . . . . ..
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3.9

3.10

Gene Set Enrichment Analysis of the Reactome IL-10 Signaling Pathway in Fork-
MNP-Treated HMC3. Enrichment plots for (a) Fork-MNPs versus PS-50 and
(b) Cup-MNPs versus Fork-MNPs are shown alongside gene-level enrichment
heatmaps for the Reactome Interleukin 10 Signaling pathway. The running en-
richment score is shown as the green trend line across the ranked gene list, ordered
by t-test ranking metric. In (a), genes positively correlated with Fork-MNP treat-
ment are shown on the left in red, while genes positively correlated with PS-50
are shown on the right in blue. In (b), genes positively correlated with Cup-
MNP treatment are shown on the left in red, while genes positively correlated
with Fork-MNPs are shown on the right in blue. Vertical tick marks indicate
the position of each gene set member within the ranked list. Heatmaps display
relative expression levels of each gene in the pathway gene set across all samples,

following the same directional color scheme as the enrichment plots, with red

indicating higher relative expression and blue indicating lower relative expression. 114

Gene Set Enrichment Analysis Pathway Networks in Intra-Real-World MNPs and
Inter-Plastic Conditions. Enrichment maps showing (a) Cup-MNPs vs. Fork-
MNPs and (b) PS-50 vs. combined real-world samples (Cup-MNPs and Fork-
MNPs). Edges connect gene sets with a gene overlap similarity coefficient

0:375 (Jaccard). Node color reflects the normalized enrichment score (NES):
red indicates enrichment in the first-named group, blue indicates enrichment in
the second-named group, and color intensity scales with NES magnitude. Only
gene sets with FDR g-value < 0:05 and absolute NES above 1.5 are displayed.
GSEA was performed using GSEA v4.4.0 with gene set permutation (n = 1,000),
Reactome gene sets (MSigDB C2 v2026.1), and gene set size filters of 15-500
genes. Networks were constructed and visualized in Cytoscape v3.10.3 using the

EnrichmentMap app. . . . . . . . . . .
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3.11

3.12

Volcano Plots of Pairwise Differential Gene Expression. Differentially expressed
genes (DEGs) with substantial impact in HMC3 cells were determined for each
comparison group, (a) Cup-MNPs vs. PS-50, (b) Fork-MNPs vs. PS-50, and
(c) Cup-MNPs vs. Fork-MNPs. Each point represents a single gene, plotted
by log,fold-change against negative log;o BH-adjusted p-value. Genes in red are
shown to be upregulated to the first-named treatment group, with a linear fold
change above or below 1.5, while genes in blue are downregulated. Dashed lines

represent the threshold values. n=3 replicates per treatment condition. . . . . .

ER Stress-Mediated PERK—elF2 —ATF4 Integrated Stress Response Pathway in
Microglia. Polystyrene 50 nm nanoparticles (PS-50 NPs) have been suggested to
induce endoplasmic reticulum (ER) stress in microglia, characterized by tran-
scriptional upregulation of PERK—elF2 —ATF4 pathway target genes. The ER-
transmembrane kinase PERK is activated and phosphorylates the translation
initiation factor elF2 at Ser51. The phosphorylated elF2 results in transla-
tional derepression of ATF4 mRNA. The resulting ATF4 protein translocates
to the nucleus where it can heterodimerize with DDIT3, itself an ATF4 tran-
scriptional target, to form a bZIP heterodimer transcription factor capable of
driving transcription of downstream stress-response genes including ASNS (as-
paragine synthetase; amino acid homeostasis), DDIT3 (pro-apoptotic effector),
TRIB3 (tribbles pseudokinase 3), and INHBE (inhibin subunit beta E; activin
E/TGF- axis). TRIB3 then exerts a negative feedback inhibition on ATF4
transcriptional activity, halting pathway output under transient stress conditions.
Collectively, this pathway regulates the adaptive recovery in PS-50 NP-exposed
human microglia (HMC3). . . . . ... ... o o
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A.1 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) performed

A2

B.1

B.2

for the detection of commonly used metal contaminants in plastics. For all plastic
samples, the contents of lead, zinc, cadmium, copper, chromium, nickel, barium,
and silver were below the limit of detection. Accompanying standard curves for

the elements (a-h) are presented. . . . . . . . ... ... L.

Autofluorescence of Fork-MNPs. (a) Fork-MNPs visualized through fluorescent
microscopy under the DAPI filter on the ECHO Revolution (Excitation 380/30,
Emission 450/50). (b) Absorbance of Fork-MNPs plotted, with the correspond-
ing peak excitation band used to capture fluorescent emission spectra (c). (d)
Quantification of cells that had uptaken Fork-MNPs based on the autofluorescent

principles of the plastic particle, as measured through flow cytometry. . . . . . .

FastQC Sequence Quality Across Samples. (a) Per-base mean Phred-33 scores
plotted across read bases (bp) for each paired-end sample (R1 and R2). All
samples maintained mean Phred scores above 35, indicating exceptional read
quality after trimming. (b) Per-sequence Phred-33 scores, showing the proportion
of reads at each mean quality score. The vast majority of reads were found to be

above 38, further validating read quality using the Illumina Novaseq X Plus. . .

FastQC Dashboard for Read Contents. (a) Total read counts per paired-end
sample were found to range from 19.8M to 25.9M after trimming. (b) GC content
per sample ranged from 50 - 52%, consistent with transcriptome composition. (c)
Total duplication rates per sample ranging from 67.2 — 72.6%, typical of deep-
coverage RNA-seq libraries where highly expressed transcripts produce abundant

duplicate reads. . . . . . . . . . L
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Chapter 1

Plastics as an Emerging Health Concern in Human Livelihood

1.1 Global Plastic Production

Plastics, defined as a substance with a high composition of polymeric material, have
become an essential part of the modern day global economy [1]. With nearly every con-
sumer good produced containing a plastic element, it is fair to say that the world would not
operate as it does today without this vital discovery. The first synthetic plastic material
was synthesized in 1907 by Leo Baekeland in New York, named Bakelite [2]. By combining
phenol and formaldehyde under intense pressure and temperature, Baekland was able to
formulate a thermoset with high degrees of cross-linkage, providing the structural rigidity
needed to use the material to form consumer goods. Despite the known reaction between
the two precursors, Baekeland was the first to create a commercially viable product that was
brought to market [3].

The desirable properties of this plastic, including heat, electrical, and chemical re-
sistance, led to the molding of the first plastic materials. Even under high temperature
conditions, Bakelite was able to maintain structural rigidity, beating out previous industry-
dominating materials such as shellac, ebonite, and celluloid [4]. The novelty in this polymeric
material was its electrical resistance, which led to its incorporation into a vast majority of
the consumer electronic devices that rose to prominence in the turn of the century, most
notably radios and telephones [5].

The desire for plastics in products has only grown in the years since, driven by their
desirable properties. In order to match demand of industrial use, the production of plastics
worldwide has reached year-over-year records. Modern plastic production has reached new

highs, with an estimated 460 million metric tonnes (MMT) produced in 2024 alone [6]. This
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unprecedented level of production rivals that of even conventional materials, with paper
production put at an estimated 420 MMT in the year previous [7]. When including rubber
with plastic manufacturing, which itself is almost entirely a synthetic polymer, the estimated
worldwide market value exceeds half a trillion in United States (US) dollars [8].

Today, plastics have found their way into an even wider variety of products, including
food packaging [9, 10], cosmetics [11], and even medical devices [12]. By far, plastics are
most commonly used in packaging, with over 30% of plastics produced (146 MMT) going
towards this category (Figure 1.1) [13, 14]. With the market grown to having included many
varieties of plastics, the use-cases of polymer class materials have reached new heights. Ad-
vancements in polymer science and material engineering have lead to breakthroughs in their
uses, including antimicrobial bio-polymers [15] and more adaptable thermosets [16]. Between
these innovations, growing global populations, and increased manufacturing capabilities, an

estimated 884 MMT of plastic are expected to be produced annually by 2050 [17].
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Global Plastic Use by Sector (2017)

Source: Statista / Geyer et al. (2017) - Total: 407 Mt
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Packaging
35.87%
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Consumer & Institutional 6.63%
10.32%

Figure 1.1: The Production of Plastics by Industry. From data reported by Geyer et al
in 2017 and published on Statista, total global plastic production ranged to approximately
407 million metric tonnes (MMT) in 2017. Packaging represented the largest share (146
Mt; 35.9%), followed by building and construction (65 MMT; 16.0%), textiles (47 MMT;
11.5%), consumer and institutional products (42 MMT; 10.3%), transportation (27 MMT;
6.6%), electrical/electronics (18 MMT; 4.4%), industrial machinery (3 MMT; 0.7%), and
other sectors (59 MMT; 14.5%). Figure created in Python.

25



1.2 Improper Plastic Disposal and Environmental Contamination

With nearly half a billion metric tonnes of plastics produced annually, it can be easily
inferred that some portion is mismanaged. And indeed, emerging studies have shown this
to be the case. It is estimated that in the time since 1950, well over 6,300 MMT of plastic
have been designated as waste [13]. From this amount, the vast majority (4,900 MMT) have
been left to decay in mass landfills, with only 600 MMT having ever been recycled. The
”Big Seven” plastics (PE, PP, polyvinyl chloride [PVC], PET, polyurethane [PU], polyester
[PES] and PS) account for over 90% of plastics produced, and none show any considerable
ability to biodegrade [13].

Extensive quantities of plastic goods are disposed of directly into the environment,
with an estimated 20 MMT of plastic waste entering streams, rivers, and oceans globally
each year [18]. A vast majority of mismanaged plastic waste is generated in Asia, with
China, Indonesia, India, and the Philippines responsible for millions of metric tonnes annually
[19]. Outside of Asia, Egypt and Kenya lead the African plastic waste, while Brazil and
Argentina lead the Americas. North America, Oceania, and Europe produce a total amount
of mismanaged waste less than that of some of the largest cities in Asia.

The majority of plastics do not disappear in human lifespans. The degradation of
plastics allows for these particulate pollutants to persist in the environment for timeframes
up to hundreds or even thousands of years. To truly dispose of plastics, incineration plants
must expend a vast amount of energy in order to combust or pyrolyze the waste, breaking
down the chemical structure [13]. However, even this strategy remains flawed, as plastics
have been detected to remain in ash as well as release into the atmosphere from flue gas of
incineration facilities [20, 21].

While landfills present a major avenue for disposal, they are not the only endpoints for
plastics. As previously mentioned, mismanaged plastic waste is a vast contributor to the
pollutant’s exposure in the environment [19, 22, 23]. Additionally, incineration plants are

able to spread these particles far across the globe with plastic contamination in the ashes
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and gases produced by combustion and pyrolysis processes [20, 21]. Even mundane human
activities such as laundry has been found to release PES fibres, with an estimated average
of 200 mg of plastics released per kilogram of washed fabrics [24].

Once in the environment, plastics are able to circulate for hundreds or even thousands
of years [25]. In aquatic ecosystems, plastics can be ingested by microorganisms and larger
fish, whether inadvertently or by mistaking particles for food [26, 27]. These particles can
then traverse the food chain, making their way into consumer-desired fish species and into

the the human body (Figure 1.2) [28, 29].

Macroplastics Produced Consumer Lifespan
for Consumer Use Ends in Landfill
S
. ‘ ! /
Mismanaged Plastic
Waste

]
(/ " o
“ \
-~
MNPs Enter
Ecosystems
° © O g

: Formation of Micro- and
MNPs Consumed by |4 Nanoplastics (MNPs)
Livestock, Agriculture | ¢ from Degradation

Figure 1.2: The Plastic Cycle. Plastics created for the express purpose of consumer goods
often end up in landfills. Plastics are then able to degrade into micro- and nanoplastic (MNP)
fragments, where they can serve as a vector for other contaminants in the environment.
MNPs are able to escape landfills as leachate, where they can end up in the watershed.
This water can then be directly consumed by humans, or used in agricultural or livestock
applications, making their way into the food chain where they can be ingested by humans.
Figured created in BioRender.
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Even the most remote species are not insulated from anthropogenic plastic pollution. A
newly described Eurythenes amphipod inhabiting the hadal zone of the Mariana Trench was
found to contain MPs in its gastrointestinal tract, and thus consequently named Eurythenes
plasticus to reflect this pervasive contamination [30]. Plastics have also been detected far
from direct emission sources in lower and upper layers of the atmosphere, ranging from a
few meters to 20 kilometers in elevation, where nanoplastics are often the dominant fraction
and have been measured at concentrations up to 2.3 pg/m?* [31, 32].

With a clear economic incentive behind their production and use, it does not remain a
mystery as to why plastic is one of the leading materials on the planet. However, by conse-
quence of the chemical structure of polymers themselves, the degradation rates of plastics are
among some of the lowest of any material. Whereas ordinary organic materials are degraded
by principles dictated by the Earth’s carbon cycle, organic plastics do not share the same

fate [33].

1.3 Micro- and Nanoplastics Generation

Plastics with a high degree of cross-linkage exhibit a higher degree of stability relative
to linear polymers [34]. Networked polymers display a lessened mobility and increased rigid-
ity. Given the connection between multiple polymeric chains through covalent bonding, the
network becomes more energetically stable in its conformation. Thus, a higher energy is
necessary in order to break apart the bonds and corresponding structure. Because of this
principle, chemical decomposition of these materials requires a much greater energetic input,
indirectly increasing their lifespan. Plasticizers and other additives to plastics can also act
to extend the lifespan by providing further chemical stability [35].

Plastics are often found to be broken down through processes such as thermal-, ozonic-,
mechanical-, catalytic-, biological-, and photo-degradation [36] (Figure 1.3). While typically
sufficient to clear organic matter, due to the aforementioned principles, these mechanisms can

drag the lifespan of plastics for up to thousands of years [37]. Polymers such as polystyrene
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(PS), polyethylene (PE), polypropylene (PP), and polyethylene terephthalate (PET) show
a degradation rate of less than 1 pm per year, indicating the persistence of these incredibly
common materials in the environment [38]. Land-based degradation experiments typically
yield the longest lifespan of plastics, where direct exposure to sunlight and biological systems
such as fungi and bacteria often increase the rates at which polymeric units can be broken

down [39].
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Figure 1.3: Examples of Plastic Degradation Processes. Figured created in BioRender.

Semicrystalline polymers such as plastics contain regions of regular lattices, or crystalline
regions, along with segments of randomly arranged chains with lower density and higher
mobility, or amorphous regions [40]. As plastics break down, they fragment into smaller
pieces along amorphous regions [41, 42, 43]. These lower-energy regions possess higher free
volume, allowing for oxidation, hydrolytic, and radiative processes to occur at a higher

frequency. Additionally, as stresses accumulate, the forces are disproportionately directed
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to these regions so that scissions are able to propagated while preserving the more resilient
crystalline regions.

The mechanisms through which plastics degrade include chemical and physical, and their
efficacy depend on the polymer chemistry, morphology, and environment. Nearly each path-
way involves the fragmentation of polymer backbones or side chains, reducing the covalent
bond strength of the structure. As the material transitions from ductile, elastic-dominated to
brittle, inelastic behaviour, it becomes much more susceptible to fragmentation into smaller-
sized particles [44]. As scissions grow, number-average molecular weight drops and the
crystallinity increases. This is able to decrease the glass transition temperature (Tg), which
is defined as the temperature where amorphous regions of polymers become more flexible or
rubbery [45].

Hydrolytic degradation is one such mechanism consistent with this phenomenon. Seen
primarily in polymers hydrolysable backbones such as PES, polyamides (PA), and PU, wa-
ter acts as a nucleophile across susceptible bonds, cleaving the structure [46]. In the pres-
ence of elevated temperatures, thermal degradation becomes a dominant driver of bond
scission within the polymer. When oxygen and sunlight are present, this process is fur-
ther exacerbated through thermo-oxidative and photo-oxidative pathways. Thermal- and
photo-generated radicals react with oxygen to form reactive oxygen species (ROS) that
propagate chain decomposition [47, 41].

An additional set of processes that contribute to fragmentation include mechanical and
stress degradation. Through repeated abrasion, loading, and stress, cracks and scissions are
localized in amorphous regions to the point of structural failure. Hydrolysis and oxidation
can form initial points of failures, which fail more readily at lower stress energies [48].

While these processes take extended periods to fully remove consumer-sized plastics from
landfills, they readily contribute to the formation of small plastic fragments. The degrada-
tion of macroplastics, or plastics above 5 mm, can lead to the formation of microplastics

(MPs) [49]. The conditions for these events are intensified in landfills, where plastic waste
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are exposed to extreme thermal and weather cycles, biological agents, and chemical agents
[50]. Microplastics are defined by the Environmental Protection Agency (EPA) as plastic
fragments with a single size-dimension below 5 mm [49]. They can be further distinguish
as primary microplastics, or those manufactured to be in the designated size range, and
secondary microplastics, or those formed from the degradation of macroplastics [51]. Tt
is estimated that hundreds of thousands of tonnes of secondary microplastics are emitted
annually [52].

From secondary microplastics, further degrading effects can lead to the formation of
nanoplastics (NPs), or plastics with a single size dimension smaller than 1 pm [53]. These
are estimated to be much more abundant, yet harder to detect due to their small size [54].
Together, these micro- and nanoplastics (MINPs) can remain unburdened for thousands of
years, slowing the decay processes of plastics even further (Figure 1.4) [25].

MNPs that are formed in landfills are able to accumulate toxins, metals, biotics, and
even antibiotics that are improperly disposed of in landfills, serving as a vector for other
harmful contaminants [55]. However, they are not contained properly within current waste
management systems. Studies have found over 25 polymer compositions to be in the runoff,
or leachate, from landfills worldwide, with PE, PP, PS, PVC, and PET to be the most
abundant [56]. Among these, fragmented plastics in the size range of 1 mm and smaller were

found to be the most abundant.
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Figure 1.4: The Formation of Micro- and Nanoplastics (MNPs). Microplastics (MPs) are
defined by the United States Environmental Protection Agency as plastic particles smaller
than 5 mm. Nanoplastics (NPs), while the definition varies amongst the literature, is typi-
cally defined as plastic particles smaller than 1 pm. Figured created in BioRender.

1.4 Human Exposure to MNPs

1.4.1 Routes of Exposure

Humans are chronically exposed to MNPs through multiple pathways. As part of the
natural environment, plastics contaminate air, water, soils, and indoor dust, creating a per-
sistent exposure background that even newly discovered species cannot escape. Beyond these
“external” environmental sources, humans also encounter MNPs through plastics intention-
ally used in food systems and consumer goods, including packaging, cosmetics, food-grade

materials, textiles, and household products, further increasing the total exposure burden.
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