Your Brain on Plastic: Measuring the Physiological to Transcriptomic
Responses of Human Microglia to Consumer-Grade Micro- and Nanoplastics

by

Seth Alexander Paul Vogt

A thesis submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Master of Science

Auburn, Alabama
May 2nd, 2026

Keywords: Microplastics, Nanoplastics, Human Health, Human Brain, Secondary
Microplastics, Polystyrene

Copyright 2026 by Seth Alexander Paul Vogt

Approved by

Dr. Priscila Falagan Lotsch, Associate Professor of Biological Sciences
Dr. Katharine Horzmann, Associate Professor of Pathobiology
Dr. Aaron Rashotte, Professor of Biological Sciences
Dr. Pengyu Chen, Francis Family Associate Professor of Mechanical Engineering



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 wvitro
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 ng/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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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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3.4

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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3.7

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 logsfold-change against negative log;y 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—elF2a~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-elF2a—-ATF4 pathway target genes. The ER-
transmembrane kinase PERK is activated and phosphorylates the translation
initiation factor elF2a at Ser51. The phosphorylated elF2«a 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-g 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

Building & Construction
15.97%

Packaging
35.87%

Other Sectors
14.50%

Textiles Industrial Machinery
0.74%
Electrical & Electronics
4.42%
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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.
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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 Furythenes 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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Together, ingestion, inhalation, and dermal absorption provide the three primary routes in

which MNPs are able to enter the human body (Figure 1.5).

Nasal Cavity

Esophagus

Inhalation

Ingestion

Absorption

Figure 1.5: Routes Through Which Humans Uptake Micro- and Nanoplastics (MNPs). Pri-
marily, MNPs are inhaled from the atmosphere, where they can be released through processes
such as incineration or released from plastic products. Ingestion is a close section, where
foods and beverages, along with the equipment used to consume them, contain plastics
that can directly enter the body. Dermal absorption remains a third route, where smaller
nanoplastics are able to directly pass through the skin and enter soft tissue. Figure created
in BioRender.

Ingestion

Among the recognized exposure routes, ingestion is known to be a key factor, with
an estimated average human uptake of 52,000 particles per year [23]. MNPs enter diverse
ecosystems such as marine, freshwater, and agricultural systems, where they can be taken

up by primary producers and bio-magnified through food webs, and ultimately appear in
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foods of both plant and animal origin [57]. Consequently, humans can indirectly ingest these
particles via contaminated drinking water, seafood, produce, and processed foods derived
from contaminated raw materials.

Studies have shown that vast quantities of human-cultivated seafoods contain plastics,
with oysters harvested from California show an average of 1.8 particles per oyster, and
mesopelagic species from the Northern Pacific show an average of 2.1 particles per fish
26, 27, 28]. In both instances, the methods of detection were from microscopy, indicating
that smaller NPs could be present but remain undetectable.

Land-based agricultural products also present a significant source of human exposure.
MNPs are detected in agricultural soil across the globe, driven by landfill leachate, compost
application, and wastewater irrigation [58]. Once in soil, these particles persist and can
accumulate over time, creating a reservoir that is in direct contact with crop root systems
throughout the growing season. MNPs are able to be directly uptaken with plants, including
through both the roots and leaves [59, 60]. Studies show that larger NPs, specifically those
over 100 nms, are preferentially uptaken. Plastics of larger sizes are often unable to be
uptaken due to the cell walls preventing entry into the organism. Whether crops are directly
consumer by humans or fed to livestock for cultivation, MNPs in edible plants creates another
aspect of dietary exposures. Common fruits, vegetables, grains, and livestock such as pigs,
cows, and chicken have been shown to present detectable levels of MNPs [61, 62].

It is not just the foods that are eaten that are routes for MNP exposure, but what
materials are used to process, store, and transport these products to the consumer. The
modern food infrastructure relies heavily on plastics at each stage of the supply chain,
with processing equipment, single use packaging, films, bottles, and storage containers all
containing high amounts of polymeric materials [10, 63]. Numerous studies have found
MNPs in consumer foods, beverages, and even garnishes. Pre-prepared foods and packaged
meals are a major source, with the processing required for these quick meals requiring an

extensive use of plastic materials [9, 64]. Tap-water was first discovered to contain MNPs
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around 2018, where a landmark study found roughly 5.5 particles/L across samples globally,
with the morphology found to be primarily fibrous [65]. Bottled beverages such as water,
beer, and soft drinks have also been shown to contain high levels of MNPs, whether from
a tainted source that contained plastics already or from the release of plastics from their
storage vessels [66, 67, 68]. Even simple ingredients such as salt has been shown to contain
high levels of plastic contamination, mostly coming from the oceans in which the sea salt
was harvested [69, 70].

The preparation of fresh foods at home can present another major source of MNPs that
are able to find their way into the human body [71]. PS kitchen- and tableware such as
spatulas, cutting boards, serving utensils, forks, and knives have all been shown to release
thousands of particles per use in food preparation [72, 73]. Plastic cups alone provide a
significant source, with their regular use leading to an estimated 90,000 particles ingested
per year [74]. Further studies involving agitation of cups in hot water find billions of particles
released per litre, with increased heat and time often correlating to increased MNP release
[75].

Plastic containers used to store prepared foods compound additional MNPs on top
of those already present in raw ingredients and processed meals. Long-term storage in PP
containers leads to the passive release of millions to billions of MNPs under room-temperature
and refrigerated conditions [64]. Certain containers designed for infants have been shown
to release up to 4 million MPs and 2 billion NPs per square centimeter of container surface

area within 3 minutes of microwaving.

Inhalation

The predominant route of human exposure to plastic particles is believed to be inhala-
tion, with United Nations estimates indicating that the average adult inhales approximately

121,000 particles per year [23]. More recent work indicates that this may be a substantial
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underestimate, with a 2025 study reported inhalation rates on the order of 70,000 MP par-
ticles per person per day, representing an approximate 200-fold increase compared to earlier
projections [76]. In that study, more than 95% of the measured MPs were in the 1-10 pm
size range, and model-based extrapolations of the particle size distribution suggested that
inclusion of nanoplastics could increase total inhaled particle numbers by a further 20- to
400-fold, but requires conformation. Plastics that were identified inside residential environ-
ments were concentrated at a median 528 MPs/m?, while inside vehicles the concentration
skyrockets to over 2200 MPs/m?.

A common narrative originally supported and circulated by the World Wildlife Fund
(WWF) and published in top journals stated that humans inhale approximately 5 grams
worth of plastics a week, an equivalent mass that goes into the manufacturing of a credit
card [77, 78]. While this statistic has been debated in the field, with rebuttals claiming the
actual amount is closer to 4 pg/week for the average person based on more rigorous mass
calculations, it remains evident that a non-negligible amount of plastics are entering the
human airways over the course of their lifespans [79].

Indoor environments display orders of magnitude higher concentrations of MNPs, even
in dense urban environments [80]. Studies from Seoul have found an 1.8-fold increased in
MPs in indoor spaces compared to those directly outside [81]. The United Nations found
an average 40-fold increase across global indoor and outdoor environments, with up to 3,000
plastic particles per 50 cubic meters in indoor environments compared to just 75 outdoors

23].

Dermal Absorption

The uptake of plastics through the dermis remains a plausible but less detailed exposure
route. Simple contacts with polymers, such as cosmetics containing polymers, handling con-

sumer goods, and synthetic textile clothing and bedding, provide a vector for which smaller
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sized particles are able to penetrate the skin. Studies have shown that while larger parti-
cles may struggle to pass the dermal barrier, NPs and small MPs may be able to penetrate
through intercellular and follicular pathways [82, 83, 84]|. This remains and under-studied
mechanism despite its contribution to the impact of plastic accumulation in humans. While
generally agreed to be lesser when compared with inhalation and ingestion, the importance
of the skin’s role in MNP is vital as numerous cosmetic products contain primary MNPs
[11, 85]. Everyday consumer goods that nearly every human uses daily, such as toothpaste,
shampoos, shower gels, deodorants, hair products, and nail products, contain primary-MNPs
specifically manufactured to be in this size range and serve a purpose in the product, func-
tional or otherwise.

Emerging studies show that particles below 1 pm can be internalized into the dermis,
and more readily taken up by damaged or bruised skin. Quite ironically, many ointments and
remedies for these aliments contain MNPs, not to mention the bandages or coverings used to
help heal them [86]. In a similar vain, many cosmetic formulations for health applications,
including soaps, cleansing oils, and micellar waters, have been found to contain thousands
of plastics per litre of solution [87].

Overall, the evidence suggests that while the dermal absorption of MNPs is a likely
contributor of plastic accumulation in humans, it is likely a minor factor in the overall scope
of plastics ingested and inhaled. Further studies and investigations into the availability of
these particles and the frequency at which the skin is able to uptake plastics. Targeted in
vivo and in vitro studies are required to accurately quantify the uptaken in dermal systems,

particularly in dermal injury conditions.

1.4.2 MNPs in the Human Body and Potential Impact on Human Health

MNPs enter the body through the main passages of the gut and lung systems, yet
display an ability to traverse the body to present themselves in various other internal organ

systems. While the excretion of plastics has been shown through stool, urine, and exhalation,
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indicating that MNPs are able to be cleared by the body whether by chance or function,
significant concentrations of particles have been found throughout the scope of the body
(88, 89]. A review from 2024 shows that 8 major organ systems were found to contain
significant levels of MPs: the cardiovascular system, lymphatic system, digestive system,
endocrine system, integumentary system, respiratory system, reproductive systems of both
sexes, and urinary systems were all discovered to contain these particles [90]. There is also
validation of excretion of these particles through urine and stool as well as other secretions
produced by the body including breastmilk, semen, and meconium. However, many other
studies elucidate the presence of MNPs in nearly every other bodily system as well. Plastics
isolated from these samples are a mixture of various polymers exhibiting a range of sizes
[91].

Plastics are becoming recognized as persistent pollutants in living systems given their
tendency to bioaccumulate. Recent studies on cadavers have demonstrated the buildup of
MNPs in multiple vital organs, including the liver, kidneys, lungs, heart, and brain [92, 93].
Notably, the study from Nihart has been able to show that organ samples taken from 2024
present significant increases relative to samples from 2016 in the concentrations of MNPs
in human brains moreso than the liver. Interestingly, concentrations in kidneys remained
consistent in the same time period, suggesting that MNPs accumulate in certain organs
preferentially. These are consistent with the theory that MNPs accumulate progressively in
vivo. Together, these findings indicate that chronic exposure to plastic particulates yields
an increasing burden on the body over time, raising concerns that MNPs may reach toxic
concentrations in sensitive tissues over the human lifespan. Despite widespread human ex-
posure and the demonstrated accumulation of MNPs in tissues, the understanding of their
health effects remains very limited [94, 89]. Importantly, the vast majority of studies in
the literature have relied on pristine, commercially available spherical micro-and nanobeads,
which fail to capture the heterogeneous sizes, shapes, and compositions of MNPs encoun-

tered in real-world exposures [95, 96]. Some also argue that pristine plastic particles may
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not accurately represent engineered nanoparticles (ENPs) due to their higher heterogeneity
and tendency to fragment, which are not found in ENPs used for drug delivery or other
therapeutic systems [97]. Instead, they should be categorized as an entirely separate class
of materials as they fall outside of the established definitions of these material classes.

The accumulations, morphologies, and physicochemical properties of MNPs found in
the major human systems vary, likely due to their exposure route. Ingestion, inhalation, and
dermal absorption each serve to introduce MNPs through distinct pathways, and thus the
particles which are able to pass varying physiological barriers differ. Particle size, surface
chemistry, and composition may further regulate bioaccumulation and bioavailability. As a

result, each organ system presents a unique MNP profile.

The Lungs and Associated Airways

Given the mounting evidence on inhalation of MNPs, the lungs and associated airways
are perhaps the most obvious to suspect plastics. Some of the earliest work that found
MPs in human airways dates back to 2022, where bronchoalveolar lavage fluid (BALF) was
extracted from patients [98]. Researchers found an average of 9.75 particles per 100 mL
of BALF, with the vast majority of particles presenting fibrous morphologies and only a
small fraction showing a fragmented morphology. Previous studies had found MNPs in the
lungs of autopsy patients, where plastic fragments were below 5.5 pm while fibrous polymers
presented nearly thrice this size, but where much less numerous [99]. Subsequent BALF
studies using Raman identification confirmed these findings, with the majority of samples
containing particles smaller than 50 pm [100]. Interestingly, this study showed the most
numerous particle type to be fragments rather than fibres, opposing the findings of previous
studies [98].

From multiple studies of autopsied individuals, an evidenced association can be made
between the number of MNPs in a patient’s airways and lung cancer. The greatest par-

ticle concentrations were found in patients who had died from malignancies in the lungs,
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bronchi, and trachea, and more recent surgical findings have identified higher concentra-
tions of MNPs in cancerous tissues when compared to healthy tissue [101]. This study was
also able to correlate a significantly increased level of aluminum and calcium in the parti-
cles of lung adenocarcinoma patients compared to those in healthy lungs. This not only
supports the understanding that MNPs are able to serve as a vector for heavy metals and
other contaminants they may encounter, but also the hypothesis that these particles may
induce carcinogenesis or accumulate preferentially in malignant tissues. However, current
data remains insufficient to distinguish causation from correlation.

Apart from carcinomas, MNPs have also been associated with a variety of other dis-
orders in the human airways. A recent review concluded that across a wide range of in
vitro and in vivo models, MNP exposure consistently induces excessive reactive oxygen
species (ROS) accumulation, trigger of reduction-oxidation (Redox) signaling pathways, and
decrease in the antioxidant defense system activation [102]. Pathways including MAPK,
NF-x3, TLR4/NOX2, and cGAS-STING were shown to display significant levels of varia-
tion when compared to healthy tissues. In vitro studies have shown that PS particles in the
lung have been associated with epithelial barrier disruption, chronic obstructive pulmonary
disease (COPD), pulmonary fibrosis, and extracellular matrix (ECM) remodeling similar to

that seen in asthmas [34, 103, 104].

The Gut and Digestive System

Mirroring the lung and airway’s expectation for plastic accumulation due to its role in
plastic uptake, the gastrointestinal tract is a primary interface for ingested MNPs. Multiple
studies have detected MNPs in human stool, with a recent report showing 3.5 particles per
gram of excrement in the range of 50 - 5000 pm [88, 105]. Samples from individuals with
inflammatory bowel disease (IBD) were shown to contain significantly higher concentrations
of MPs than those from healthy individuals, with PET and PA fragments and fibres being the

most numerous [106]. There was an additional validation between MP concentrations and

40



the severity of IBD, hinting at a potential correlation. Looking further upstream, plastics
ranging from 51.5 to 4,789.1 pm were found at an average concentration of 245.5 particles
per stomach in cadavers, with the majority of plastic morphologies being fibrous followed
by fragmented [107]. The larger concentrations and particles sizes are estimated to come
directly from the foods and beverages ingested by the individual. As there is essentially no
filtration by the body from what is ingested to what ends up in the digestive system, the
stomach and intestinal system presents the best gauge of ingested particles [108].

Beyond their presence, evidence in human and mammalian models indicates that the
accumulation of plastics can perturb the gastrointestinal homeostasis [109]. Exposure of PS-
MNPs to human colorectal cancer cell lines (Caco-2) have shown disruptions to mitochondrial
membrane potential (AW,,), membrane transporter activity, and increased susceptibility to
arsenic toxicity [110]. In adult mice models, chronic MNP exposure led to intestinal barrier
and immune dysfunction, with the composition of the gut microbiota shown to alter in
response [111]. Similar impacts have been seen in humans, where MP exposures have been
shown to decrease short-chain fatty acid abundance as well as significant changes in volatile

organic compound (VOC) release [112, 113].

Renal and Urinary Systems

The kidneys and urinary tract provide another logical site to suspect plastic accumula-
tion given their role in filtering blood and excreting waste. Evidence in human samples has
now confirmed this, with MNPs being found in renal tissues as well as urine samples [114].
Raman spectroscopy observations on nephrectomy samples that were paired to urine samples
was able to confirm PS particles in the range of 1 -2 9 pm in kidneys, while particles excreted
in urine to be smaller with a range of 3 - 13 pm, providing some of the first experimental
evidence for plastic accumulation in kidneys [115]. These findings imply that plastics from

the bloodstream are able to deposit in nephritic tissues and show excretory behaviour.
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In mammalian model organisms, experiments have been conducted to better understand
the impact plastics may have on the human body. A recent study found that after 35 days
of exposure to PS-NPs, renal tissues displayed a significantly lessened antioxidant defense
capability, overall kidney weight, and induce a significant increase in mitophagy, or clearance
of dysfunctional mitochondria, when compared to mice which were not exposed to plastics
[116]. Complementary studies found PS-MP exposure in rats to corroborate a decrease in
organ weight and organ index as well as oxidative stress, inflammation, and even apoptosis
of renal cells [117]. While studies are more limited in humans, there are reports indicating
that MNPs are able to act as a vector for known toxicants in kidneys, namely metals and

organic pollutants [118, 35, 114].

Blood and Circulatory System

The vascular network provides the main method by which MNPs are able to traverse
the body and distribute to distal organs. First quantified in 2022, a blend of PET, PE, and
PP were determined to circulate at a concentration of 1.6 pug/mL [119]. While the exact
mechanism of how plastics transfer from ingestion and inhalation to the bloodstream are
not yet identified, it is speculated that certain sizes and shapes of particles are preferentially
selected to cross epithelial barriers in the gut and lungs [120, 91]. Ironically, it has also
been shown that intravenous injections and infusion therapies are able to administer plastics
directly to the circulatory system, with varying syringes and needles found to contain PE, PA,
PS, PC, and PP fragments [121, 122]. Through this method, the estimated MNP release per
person per year hovers around 10 particles, indicating an overall negligible route of exposure,
yet remains a cause for concern with how medical devices contribute to plastic exposure [12].

There have been direct investigations into the type and concentration of differing particle
types that are found to circulate the body. In 2024, another study found the concentrations of
plastics to range from 1.84 to 4.65 pg/mL, validating previous works [123]. Twenty-four dif-

ferent polymer types were found across blood samples, with PE, PS, ethylene propylene diene
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monomers (EPDM), PA, and ethylene-vinyl acetate/ethylene vinyl alcohol (EVA/EVOH)
found to comprise roughly 75% of the particles found. Phthalates were also detected as
the most prevalent additive to these particles, with 20% of blood samples containing these
particles. Phthalates are common plasticizers, used to amend the flexibility of polymers as
well as other aspects, and are well known endocrine disruptors with known toxicity concerns
in humans [124].

High concentrations of circulating MPs were positively correlated with alterations in
hemostatic and inflammatory markers, including prolonged activated partial thromboplastin
time (aPTT) and elevated fibrinogen and C-reactive protein (CRP), indicating activation
of coagulation pathways and systemic inflammation [125]. The extended aPTT as well as
increased fibrinogen both serve as pro-thrombotic markers, with both being linked to cardio-
vascular risk [126, 127]. Another study has linked high concentrations of MPs with chronic
disease risk, with hypertension, diabetes, and stroke risks all derived from the presence of
plastics in the blood [128]. Experimental models validate these observations, where chronic
exposure to MNPs accelerated atherosclerosis and plaque formations in mice [129]. Male
mice were shown to be much more susceptible, leaving a gap in knowledge of how MNPs
elicit such changes.

Circulating MNPs in the bloodstream are able to be distributed to distal organs, al-
though a mechanism for how they are able to exit the bloodstream is still widely theorized.
While they have been shown to both damage and cross other epithelial barriers such as
those in the gut, there is a gap in the literature for understanding how plastics are able
to escape the bloodstream [120, 130, 131]. Despite the uncertainty in the mechanism, the
evidence of MNP accumulation in otherwise inaccessible bodily components elucidates the
operation of this mechanism. With plastics being quantified in lymphatic, skeletal, and adi-
pose tissues, the bloodstream as a vector for plastics remains the most likely explanation

[132, 133, 134, 135, 136].
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While circulating, plastics are able to form a bio-corona, or layer of proteins, lipids, anti-
bodies, sugars, and other biomolecules around the surface of the particle [137, 138]. Governed
primarily by electrostatic, hydrophobic, and entropic interactions, available biomolecules
from the bloodstream can be adhered to the particle. There are often two layers described in
the literature: the layer closest to the particle is dictated as the hard corona, while secondary
layers are dictated as the soft corona [139]. Biomolecules with higher binding affinities are
able to quickly bind to the core of the particle, and do so in a less-reversible mechanism.
Components of the soft corona then bind to the hard corona, which display lower binding
affinities and are able to reversibly adsorb to the particle. In the context of MNPs, the
formation of the bio-corona is able to dictate the toxicological response from the host sys-
tem [140]. Not only does the corona formation in the biological system itself determine the
particle’s attributes, but the so called eco-corona, or contaminants that the plastics interact
with before being uptaken, have a drastic impact on the fate of the host [141, 142].

The corona formed on MNPs greatly enhances its uptake, bioavailability, and bioaccu-
mulatory effects [143, 138]. The hydrodynamic size is entirely determined by the corona,
where a thicker corona can directly increase the functional size of the MNP. The zeta poten-
tial, or charge on the surface of the particle, is determined primarily by the corona as well,
masking that of the original particle [144]. Coronas can assist originally hydrophobic MNPs
into becoming more hydrophilic, improving stability and suspension time [145]. Contrarily,
the composition of biocoronas can also elicit how a biological host responds. A study using
induced pluripotent stem cells found that pro-inflammatory proteins in MNP biocoronas
exhibited a correlation in interleukin (IL) 6 and 8 release, while ROS-related proteins in the
corona was correlated with increased ROS [146]. These aspects directly impact not only the

bioavailability of particles, but also how a host may respond to internalized particles.
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The Brain and Nervous System

Perhaps the most vital organ to the human body, not even the brain shows immunity to
the accumulation of plastic particulates. The brain appears to be contain high concentrations
of MNPs. A study from 2025 showed that an approximate 11- and 12- fold MNPs increase
in the brain when compared with samples from the same patient set’s liver and kidney,
respectively [92]. The same study also found that the concentrations of plastics in the
brain were significantly increased when compared to a selection of samples from just 8 years
prior. While this was also observed in the liver samples, the kidney showed no change in
concentration, underscoring its role in particle clearance [147]. The particles detected in
the brain shared a similar compositional makeup to those in the liver and kidney, with PE
accounting for the vast majority trailed closely by PP, and PVC. MNP concentration in
brains of individuals diagnosed with dementia prior death was significantly higher (over a
5-fold increase) compared to samples from healthy patients. This is supported by works
from earlier in the same year, which found a positive correlation between the concentration
of particles administered to mice and neuro-behavioral abnormalities [148].

The blood-brain barrier (BBB) is a specialized, selectively permeable interface between
vasculature and the parenchyma, regulating ions, macromolecules, and biotics which seek to
enter the brain [149]. Certain metabolites, unfavorable proteins, and neurotoxic materials are
excluded from the central nervous system (CNS) through this protective layer, with specific
transport proteins and tight-junction molecules serving to ensure the nominal function of
neurons, glia, and astrocytes [150]. However, PS-NPs have been found to be able to cross the
otherwise impermeable barrier in vitro [131]. Emerging evidence has shaped understanding
of how MNPs are able to cross the BBB. NPs in the realm of 1 nm can diffuse across
endothelial layers, while larger, 200 nm PS-NPs spheres have been found to cross a BBB-
on-a-chip model with a much higher efficacy than larger sizes or rod-shaped PS-NPs [151,
152].  This supports that particle size and shape are largely important for determining

endothelial transport. Engineered nanoparticles serving as drug carriers with modified sugars
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and amino acids have also been shown to hijack endogenous BBB-transports, indicating
that the composition of the bio-corona is largely influential to brain contamination [153].
One recent study has related the formation and composition of biocoronas around MNPs
to their ability to enter the brain using both computational and experimental validations
[154]. NPs were found to enter the brain after just 2 hours of exposure in mice. Through
computational modeling, they found PS-NPs with cholesterol coronas presented much lower
thermodynamic barriers of entry (= -170 kJ/mol) when compared to those with protein
coronas (218 kJ/mol), indicating BBB deformation through biocorona composition. Given
the correlation between hypercholesterolemia and increased risk for Alzheimer’s disease, it
is possible that the elevated concentrations of this sterol lead to the observed increases of
MNPs in the brain of dementia patients [155, 92].

MNPs have been found accumulate in mice brains after oral ingestion, with the exposure
to spherical PS-MPs (2 - 5 pm) associated with altered behavior after exposure to low (2.5
pg/mL) and high (125 pg/mL) doses [156]. Changes in glial fibrillary acidic protein (GFAP)
concentrations, found primarily in astrocytes and serves as a neuroinflammatory marker
observed for the early stages of Alzheimer’s disease, were also seen in mice exposed to varying
concentrations of PS-MNPs [157]. These corroborate similar findings of MNPs accumulating
in the brain, immune marker modulations, and cognitive dysfunction in mouse models [158].
Mice exposed to pristine PS-MPs have shown an impaired memory and decreased learning
capabilities, with mice showing difficulties in hippocampus-dependent assessments such as
the Morris water maze [159]. PS-MPs were shown to have accumulated in the hippocampus,
leading to increased inflammation and synaptic receptor activity, which disrupt synaptic
plasticity. Another study showed that mice exposed to pristine PS-NPs presented NPs
accumulated in the brain, leading to increased oxidative stress and inflammatory response,
and even necroptosis in human endothelial BBB-model cells [131]. Interestingly, cognitive
impairment in mice was correlated with the preferential accumulation of PS-NPs (30- 50

nm) in microglia following oral ingestion (0.5 - 50 mg/kg body weight) [160]. In this study,
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even at the lowest tested concentration of 0.5 mg/kg of body weight, a significant amount of
NPs could be detected in the brain structure, with apparent dose-dependent accumulation
effect. Damage was observed in the neurons, where the highest dose of 50 mg/kg body-weight
showed an overall significant decrease in the total number of neurons. In addition, microglia,
brain macrophages, were shown to have been activated leading to neuronal damage [160].
Considering in vitro studies with human cell lines, a study using a human neuroblas-
toma cell-line, SH-SY5Y, found that exposure to pristine PS-NPs induced a dose-dependent
drop in cell viability, ATP concentration, and mitochondrial membrane potential (AW,,)
while showing a dose-dependent increase in ROS concentrations and apoptotic-associated
proteins such as Caspase-3,9, and Aparf-1 [161]. Additionally, PS-NPs were shown to trig-
ger autophagy, indicated by increased LC3-II levels and Beclin-1. These findings elucidate
a mechanism where mitochondrial dysfunction orchestrates PS-NP-induced neurotoxicity
through autophagy activation and apoptosis in vitro, underscoring a plausible pathological
basis for potential nanoplastics-linked neuro-degeneration. While criticisms may arise due
to the cell-line given their neuroblastoma origin and associated alterations when compared
to healthy brain tissue, key neuronal phenotypes and signaling pathways remain in-check,
and thus provide a legitimate basis for the findings [162, 163]. Another study showed that
PS-MNPs were phagocyted by human microglial clone cells (HMC3) following 24 hours of
exposure and the presence of these particles led to microglia death by apoptosis [164]. This
process was shown to be favorable for NPs and small MPs, with PS particles of 10 pm not

being uptaken [164].

1.5 Aims

While the presence of MNPs has been confirmed in the human brain, there remain gaps
in the literature on potential adverse effects they may elicit. One of the largest setbacks in

the field of is the use of so-called ”pristine” MNPs, which are primary plastics produced with
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the express purpose of industrial or biological use. They are manufactured to be homoge-
neous in size and often present a spherical morphology, which do not serve as an accurate
representation for what is found in the environment nor isolated from human samples. In
both instances, these plastics are characterized by a heterogeneous mixture of polymers with
different shapes and wide range of sizes [165, 97].

The vast majority of studies in the field that attempt to gauge the impacts of MNPs
on brain health use these pristine MNPs [95, 94]. While they may serve as an appropriate
proxy, the results of studies using such systems cannot be accurately extrapolated of the
effects of real-world MNPs. Additionally, many studies that seek to understand the impacts
of MNPs in the brain often come from animal models, particularly mice, which do not
accurately represent what is seen in human brains. Significant differences in transcriptomic
profiles along with regional- and age-related discrepancies between the organisms muddle
the comparisons that can be drawn by the effects that are observed [166, 167].

Hence, this study aims to fill the gaps in the literature by assessing the impact of MNPs
derived from consumer products using a human-based, neural in vitro model and relevant
human physiological concentrations. To better replicate real-world exposure, MNPs were
produced from common plastic consumer products shown to release significant quantities
of particles, such as plastic cups and forks. Primary-like human brain macrophages, or
microglia, were chosen as the in vitro target as they comprise roughly 10% of the brain’s
cellular composition and have a large population in the hippocampus, where MNPs have been
shown to accumulate [168, 159]. In addition to this, microglia have been shown to undergo
activation when exposed to plastics, indicating a shift to an increased inflammatory state
[131]. Neuroinflammation mirrors what is observed in a wide variety of neurodegenerative
disorders, such as Alzheimer’s Disease (AD), Parkinson’s Disease (PD), amyotrophic lateral
sclerosis (ALS), and multiple sclerosis (MS), suggesting the possible link between plastic
exposure in the brain and this afflictions [169, 170, 171]. Commercial PS nanobeads (PS-

50; Spherotech) were chosen as a reference to compare against the impacts of the so called
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"real-world” MNPs (Cup- and Fork-MNPs) as these NPs are by far the most abundantly
used in the literature.

The first aim of this study was to assess the effects of well-characterized real-world MNPs
in human microglia at physiologically relevant concentrations (0.1, 1, and 10 pg/mL) after
72 hours to elucidate potential neurotoxic outcomes and compare to pristine PS-50-exposed
cells. Toxicity outcomes were evaluated based on cell physiology parameters and correlated
to physicochemical features of the MNPs. The results of this chapter is being submitted to
the ACS Environmental Science & Technology (IF: 10.4).

The second aim of this study was to characterize the transcriptomic profile of microglia
cells exposed to a low concentration (0.1 pg/mL) of real-world MNPs and evaluate the bi-
ological pathways altered by these MNPs after 72 hours. Next-generation RNA sequencing
(RNA-seq) was conducted, and the gene expression profile was compared among Cup- and
Fork-Derived MNP samples and pristine PS-50 samples. This approach enables compre-
hensive profiling of transcriptional alterations, allowing the identification of differentially

expressed genes and associated biological pathways.

49



Chapter 2
Pristine Nanoplastics and Consumer Product-Derived Micro- and Nanoplastics
Differentially Modulate Microglial Mitochondrial Function and Inflammatory

Responses

2.1 Abstract

Micro- and nanoplastics (MNPs) are global environmental contaminants increasingly
detected in human tissues, including the brain, raising concerns about their potential contri-
bution to neuroinflammation and neurodegenerative disorders. However, most toxicological
studies rely on pristine, monodisperse polymer nanobeads that fail to accurately represent
heterogeneous particles generated through the degradation of consumer plastics. Here, the
effects of pristine 50 nm polystyrene nanoplastics (PS-50) are compared with relevant MNPs
derived from the mechanical fragmentation of disposable plastic cups and forks on human
microglial primary-like cells. Cells were exposed to physiologically relevant low concentra-
tions of MNPs, and endpoints related to neurotoxicity such as oxidative stress, mitochondrial
function, mitochondrial turnover, and inflammatory responses, were evaluated. Pristine PS-
50 NPs induced pronounced oxidative stress and mitochondrial dysfunction at low doses
and impaired cellular bioenergetics. These changes were accompanied by mitochondrial
stress responses such as mitophagy and compensatory mitochondrial biogenesis. In con-
trast, consumer product-derived MNPs elicited moderate oxidative stress and mitochondrial
remodeling while largely preserving bioenergetic capacity, suggesting adaptive cellular re-
sponses. Notably, Fork-derived MNPs led to a more robust increase in pro-inflammatory
cytokine release compared to PS-50. Together, these findings reveal that pristine nanoplas-
tics can substantially overestimate mitochondrial toxicity compared with environmentally

derived MNPs and highlight mitochondrial stress responses as central mechanisms governing
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microglial interactions with plastic particles. These results emphasize the need to incorpo-
rate realistic particle sources and physicochemical complexity into experimental designs to
improve the environmental and biomedical relevance of nanoplastic risk assessments. The

general approach is shown in Figure 2.1.
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Figure 2.1: Experimental Workflow. Plastic tableware (cups and forks) were formed into
micro- and nanoplastic (MNP) samples through cryomilling and administered to human mi-
croglial cells (Human Microglial Clone 3; HMC3) with 0.1, 1.0, and 10 pg/mL doses. These
were compared against pristine polystyrene nanoplastics (PS-50-PNPs), commonly used in
plastic toxicological studies as a stand-in for environmentally relevant plastics, along with
unexposed cells. Following rigorous material characterization of each plastic sample, cells
were exposed to physiologically relevant doses of MNPs for 72 hours. A variety of cellular
endpoints were measured, including viability, MNP-biological interaction, redox status, in-
flammatory signaling, and mitochondrial statuses. Figure created in BioRender.
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2.2 Introduction

Plastics have become a ubiquitous part of everyday lives [6]. With hundreds of millions
of metric tonnes (MMT) produced annually, the escalation of the use of the material is
predicted to reach nearly a billion metric tonnes by 2050 [17, 13]. Over 75% of plastic waste
has been shown to end up in landfills, where they can remain for thousands of years [172, 37].
Plastics can become contaminated with other pollutants from landfills and the environment,
such as heavy metals, drugs, toxicants, and microbes [55]. Even in incineration facilities,
the plastics are not able to completely break down, as evidence suggests that plastics are
left behind in the ashes of the combustion processes as well as released into the atmosphere
from the flue gasses [20, 21]. Nearly 200 MMT of plastic are mismanaged globally, with the
majority coming from Asia [173]. This mismanaged plastic often finds its ways into local
ecosystems, particularly rivers, estuaries, lakes, and oceans [18, 27, 52].

Plastics gradually degrade over tens, hundreds, and even thousands of years [38]. Some
polymeric materials such as polystyrene (PS), polyvinyl chloride (PVC), and polyethylene
(PE) have been shown to degrade at a rate of less than one micron per year, demonstrating
the persistence of these materials on a timescale longer than human lives. Through the var-
ious discussed degradation methods, consumer-grade plastics are able to form microplastics
(MPs), which are defined by the United States Environmental Protection Agency (EPA) as
plastics with a single size dimension below 5 mm [49]. MPs formed from these degradation
methods can be further classified as secondary MPs, as opposed to primary MPs which are
specifically manufactured to be within the aforementioned size dimensions [51]. Contin-
ual breakdown of macro- or microplastics can lead to the formation of nanoplastics (NPs),
commonly agreed to be fragments with a single size dimension below 1 nm [53].

Combined, micro- and nanoplastics (MNPs) are able to leach from landfills, mismanaged
plastic waste, incineration plants, and even consumer items into the environment and human
body [56]. MNPs can be found in agricultural products such as grains, fruits, vegetables, and

livestock that are consumed by humans [60, 61, 62, 57, 28]. Additionally, MNPs in the air can
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be directly inhaled by humans, providing another major route of exposure [174, 23, 76, 31].
Dermal absorption is a third, but less significant route for plastic exposure where NPs are
able to pass through the dermis and enter the body [83, 82, 84]. Together, these routes of
plastic exposure have been evidenced to allow MNPs to accumulate in the body, being found
in nearly every major organ and organ system [90, 132, 175, 176, 115, 120].

Most concerningly is the accumulation of plastics in the human brain, with the concen-
trations of particles increasing over time [92]. Evidence also suggests a correlation between
neurological conditions such as dementia and MNPs in the brain, with patients that had de-
mentia displaying a near ten-fold increase in the amount of plastics in the brain. When com-
bined with previous studies that link plastic uptake and neuro-inflammation and neuronal
death, the threat of plastics in the human brain has garnered a public health crisis [131, 161].
The same studies have also shown that microglia, the primary immune macrophages of the
brain, undergo activation into an inflammation-driven state, which can lead to neuronal
damage and neurodegeneration over extended periods [177, 178].

In order to better understand the brain’s immune response to the plastic exposure hu-
mans face daily, this study utilizes primary-like human microglia (Human Microglial Clone
Cells, HMC3) exposed to physiologically relevant concentrations of MNPs. With the aver-
age plastic concentration of the blood found to be 1.6 + 2.3 pg/mL, corresponding doses of
0.1, 1.0, and 10 pg/mL were chosen to be administered to the cells [119]. To most-accurately
model the contamination that is seen in the brain, consumer-grade, single-use plastic cups
and forks were used as "real-world” samples Cup-MNPs and Fork-MNPs. Additionally, 50
- 100 nm pristine PS-NPs (PS-50), by far the most common material used in MNP studies,
were exposed to cells at identical concentrations in order to understand the accuracy of these

particles as a model and the shortcomings they may present [94, 97].
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2.3 Materials and Methods

2.3.1 Reagents and Chemicals

Phosphate-Buffer Saline (PBS, 21-040-CV, Corning, Corning, New York, USA), Hanks’
Balanced Salt Solution (HBSS, SH30268.01, Cytiva, Marlborough, Massachusetts, USA) Fe-
tal Bovine Serum (FBS, 35-010 CV) Corning, Corning, New York, USA), 0.4 % Trypan Blue
solution (K940, VWR-Avantor), Dulbecco’s modified eagle medium (10-013-CV, Corning,
DMEM/High Glucose), Penicillin: Streptomycin (16777-164, HyClone, Logan, Utah, USA).
All necessary solutions were prepared with ultrapure water (BarnsteadMicroPure™Water

Purification System, 50132370, Thermo Scientific).

2.3.2 Equipment

Echo Revolution Fluorescent Microscope (Discover Echo, San Diego, California, USA),
Varioskan Lux Microplate Reader (ThermoFisher Scientific, Waltham, Massachusetts, USA),
MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany), Countess 3 Au-
tomated Cell Counter (ThermoFisher Scientific), CytoFLEX LX (Beckman Coulter, Brea,
California, USA), Seahorse XFe96 Analyzer (Agilent, USA), Avio 220 Max (Perkin Elmer,
Waltham, MA, USA), Olympus BX51 Microscope (Olympus, Tokyo, Japan) fitted with
Enhanced Darkfield Hlluminator (Cytoviva, Auburn, AL, USA), Pulverisette 14™ miller
(FRITSCH, Idar-Oberstein, Germany), Nicolet iS50 FTIR (ThermoFisher Scientific), Zeiss
EVO 50 SEM (Zeiss AG, Oberkochen, Germany), Litesizer500 (Anton Paar, Graz, Aus-

tria).

2.3.3 Real-World MNP Synthesis from Cups and Forks

Real-world MNPs were generated from consumer grade plastic kitchenware. Very com-
mon red disposable drinking cups and plastic forks were purchased from a local grocery store

and prepared in a previously described methodology [179]. Briefly, plastic cups and forks
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were cut into sub-20 mm fragments inside of a sterilized laminar flow cabinet to minimize
contamination. These fragments were then chilled in liquid nitrogen (LN3) and cryomilled
in a Pulverisette 14™miller (Fritsch). After milling, particles above 120 pm were removed
through sieving, with the remaining fraction stored in sterile glass vials. Stock solutions of
1 mg/mL in sterile ultrapure water were prepared in sterile glass bottles and stored in room
temperature conditions and away from natural and artificial light to minimize degradation.

SPHERO ™polystyrene nanoparticles (PS-50) ranging from 50 to 100 nm diameter (Av-
erage: 75 nm) were purchased from an online vendor and stored in ultrapure water following

the removal of sodium azide.

2.3.4 MNP Characterization

Extensive characterization of physicochemical properties amongst all MNP samples were
conducted. To analyze the material composition of the real-world MNPs, attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) was conducted using the
Nicolet iS50 FTIR with a Diamond ATR crystal (ThermoFisher Scientific). Analyses of
chemical structure and composition were performed using Omnic32 Software (ThermoFisher
Scientific) and corresponding library.

Real-world MNP size and morphology were assessed with the Zeiss EVO 50 Scanning
Electron Microscope (SEM; Zeiss AG) at 20 kV acceleration voltage. Images were captured
at a range of 500X to 1600X. Particle size analyses were performed in ImageJ (National
Institutes of Health, Bethesda, MD, USA) with an average of 181 particles measured per
real-world MNP sample. For visual representation, measurements were binned into 10 pm
groups.

For further size analyses, dynamic light scattering (DLS) measurements were recorded
for filtered particle fragments. After being subjected to a 0.45 pm filter (Fisher Scientific),
particles in ultrapure water were analyzed using the Litesizer™500 (Anton Paar). The zeta

potential of both real-world MNPs and pristine PS-50 NPs were also measured using the
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Litesizer 500, allowing for the analysis of surface charge after the particles were allowed to
form a biocorona and resuspended in complete cell media.

In order to determine the concentrations of trace metals in the MNP samples, inductively
coupled plasma optical emission spectroscopy (ICP-OES) was performed using an Avio 220
Max (PerkinElmer). Briefly, MNPs were digested in 20% aqua-regia in new scintillation
vials and left to dissolve overnight while shaking at 600 rpm. The next day, samples were
diluted in sterile ultrapure water before analysis. Multielement Standard Solution 1 for ICP
(TraceCERT®), Buchs, Switzerland) was used as the calibrant before each run, allowing
for the detection of lead, zinc, cadmium, copper, chromium, nickel, barium, and silver at

concentrations of 5 ppb and above.

2.3.5 Cell Culture and MNP Exposure to HMC3

Human microglial clone 3 (HMC3; ATCC CRL-3304) cells were purchased online and
cultured according to the supplier’s recommendations. Briefly, cells were cultured in DMEM
high-glucose media (Cytiva) at 37°C and a 5% COy atmosphere in T-75 flasks (VWR-
Avantor). Complete cell media consisted of the DMEM high-glucose, 5% FBS (Corning), and
a 1% penicillin:streptomycin mix (Meditech). Cells used in experiments were from passage
three (P3) up to passage eighteen (P18).

Prior to exposure to cells, MNP solutions were sonicated at 40 kHz for 30 minutes.
Immediately following this, the particles were allowed to incubate in FBS for approximately
24 hours at 600 rpm in an orbital shaker to allow for biocorona formation and prevent
aggregation and agglomeration. After this period, complete cell culture media was used to

perform serial dilutions to the appropriate exposure concentrations.

2.3.6 Cell Viability

To assess the potential cytotoxicity of MNPs, cell viability was performed after 24-

48-, and 72-hour exposure windows to plastics of 0.1, 1.0, and 10 pg/mL concentrations.
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Five thousand cells were plated in 48-well plates (VWR-Avantor) and allowed to attach
for 24 hours. Following duplicate washes in HBSS, cells were exposed to the appropriate
dose and sample. At each endpoint, viability was assessed using trypan blue exclusion
assay (VWR-Avantor) with a Countess 3 Automated Cell Counter (ThermoFisher Scientific).
The percentage of live cells was reported as a fold change (FC) relative to the viability of

unexposed cells at each timepoint (n=4).

2.3.7 MNP Uptake using Flow Cytometry

To establish the percentage of HMC3 that had uptaken MNP samples, Nile Red fluores-
cent dye (Biotium, Fremont, CA, USA) was used to stain the particles. Stock MNP solutions
(1 mg/mL) were mixed with an equal volume of 10 pg/mL Nile Red dye in ultrapure water
and allowed to incubate for 2 hours at 70°C in a laboratory oven (Thelco Precision Scientific
Model 16). Excess dye was removed through 7 centrifugations at 3250 g for 10 minutes
in Amicon@®) Ultra-2 centrifugal filter tubes (Sigma-Aldrich, St. Louis, MO, USA), each
time adding ultrapure water to drive off dye agglomerations. The stained particles were
recovered through resuspension in sterile ultrapure water at an equivalent volume of stock
MNP solution added in order to preserve the original concentration. These suspensions then
underwent identical preparation as unstained particles for exposure to HMC3.

For quantifying the uptake of these particles, 50,000 cells were plated in 1.5 mL in
six-well plates for 24 hours and then exposed to the stained MNP solutions for 72 hours.
Following this exposure, MNP-media was aspirated and the wells were washed twice in HBSS.
Cells were trypsinized and pelleted through centrifugation, and washed twice more in HBSS
through centrifugation at 400 g for four minutes. Cells were resuspended in 250 pL. HBSS
and placed into the wells of 96-well plates before reading. The MACSQuant(®) Analyzer 10
(Miltenyi Biotec) was used on channel B3 (800V; 488 nm excitation, 655-730 nm emission)
in order to detect cells with sufficient fluoresencent signatures. 10,000 cells were uptaken for

each replicate (n=3). Viable, single cells were selected from forward scatter (FSC) and side
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scatter (SSC) gating parameters in FlowJo V11 (BD Biosciences, Franklin Lakes, NJ, USA),
and HMC3 that had particles uptaken were defined as events where the fluorescent intensity

was above the 99th percentile of control cell populations in the same fluorescent readings.

2.3.8 MNP-HMCS3 Interactions by CytoViva

Enhanced darkfield hyperspectral microscopy (CytoViva) was used in order to visualize
the interactions between HMC3 cells and MNPs. Using an Olympus BX51 fitted with the
CytoViva enhanced darkfield condenser, Olympus UPLFN100X OI2 objective, and Specim
ImSpector V10E spectrograph (Specim, Oulu, Finland) coupled to a pco.pixelfly 1.4 CCD
camera (Excelitas, Pittsburgh, PA, USA), scattered light from 400 - 1000 nm was captured
with a spectral resolution of approximately 2 nm. Briefly, 5,000 cells were plated on micro-
scope slides (VWR-Avantor) and allowed to attach for 24 hours. Following HBSS washes,
cells were exposed to MNP samples at 1.0 pg/mL for 72 hours. MNP media was aspirated
and the cells washed twice with HBSS before imaging in 20 pL. HBSS. MNP solutions without
cells were also imaged in HBSS in order to construct spectral libraries of each MNP sample,
which would be used to validate the plastic’s interactions with HMC3. Images were taken
at 100% illumination from a 150 W halogen lamp (Fibre-Lite DC-950, Dolan-Jenner Indus-
tries, Boxborough, MA, USA) and 0.25 second exposure. Image processing was performed
in ENVI 4.8 (L3Harris Geospatial, Stamford, CT, USA), where halogen light corrections
and spectral angle mapping (SAM) were performed for each image. Using a 0.075 radian
matching angle, spectral angle libraries from the MNP solutions were applied and filtered in
their corresponding cell-exposure images, allowing for the detection of plastic fragments in
cells. Spectral matches were colored and overlaid atop the original images to visualize the

interaction.
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2.3.9 Cytosolic ROS Quantification

The concentrations of cytosolic reactive oxygen species (ROS) were assessed through
cytometric fluorescence. Using 2’,7-dichlorodihydro-fluorescein diacetate (HoDCFDA) (Bi-
otium, Cat. No. 10058), the concentration of ROS correlated to the fluorescence per cell.
HMC3 cells were plated in six-well plates at a density of 50,000 cells per 1.5 mL and allowed
to attach for 24 hours. After washing in HBSS, appropriate MNP solutions were applied
for 72 hours. Before reading, cells were incubated in 10 pM DCFDA for 30 minutes, while
the positive control group received an additional 200 pM tert-butanol (TBOH) incubation
preceding DCFDA. Cells were washed twice with PBS, trypsinized, and washed twice more
in HBSS through centrifugation at 400 g for 4 minutes. Cells were resuspended in 250 pL
HBSS and analyzed with the MACSQuant@®) Analyzer 10. The B2 channel (475 V; 488
nm excitation, 565-605 nm emission) was used to quantify fluorescent intensity per cell.
In FlowJo, FSC and SSC gating were performed to determine single, viable cells, and the

average fluorescence per replicate (n=3) were compared against unexposed cell means.

2.3.10 Mitochondrial ROS and Membrane Potential

To complement cytosolic ROS concentrations, the levels of mitochondrial ROS (mtROS)
were similarly assessed using MitoROS™ 580 (AAT Bioquest, Pleasanton, California, USA).
HMC3 cells were plated in six-well plates at a density of 50,000 cells per 1.5 mL and allowed
to attach for 24 hours. After washing in HBSS, appropriate MNP solutions were applied for
72 hours. Before reading, cells were incubated in 1X MitoROS™ for 30 minutes, while the
positive control group received an additional 10 pM antimycin A (J63522.MA, Thermo Fisher
Scientific) and rotenone (R8875, Sigma-Aldrich) incubation for 30 min prior to MitoROS™
to induce mitochondrial ROS production. Cells were washed twice with PBS, trypsinized,
and washed twice more in HBSS through centrifugation at 400 g for 4 minutes. Cells were

resuspended in 250 pL HBSS and analyzed with the MACSQuant@®) Analyzer 10.
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In order to assess mitochondrial membrane potential (AW,,), an identical protocol was
followed, substituting MitoROS™ for Tetramethylrhodamine ethyl ester (TMRE) at a con-
centration of 100 nM. For the positive control, 10 ntM carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) was incubated concurrently with the TMRE. Analyses of both mtROS
and AV, MACSQuant@®) Analyzer 10’s B2 channel (575V; 488 nm excitation, 565-605 nm
emission). Single, viable cells were selected in FlowJo through FSC and SSC gating, and

average fluorescence per replicate (n=3) were compared against unexposed cell means.

2.3.11 Antioxidant Enzyme and Biomolecule Concentration

The concentrations of superoxide dismutase (SOD), catalase (CAT), reduced glutathione
(GSH), and oxidized glutathione (GSSG) were assessed using the VarioSkan Lux Plate
Reader (ThermoFisher Scientific). HMC3 cells were plated in six-well plates at a density of
50,000 cells per 1.5 mL and allowed to attach for 24 hours. After washing in HBSS, appro-
priate MNP solutions were applied for 72 hours. Cell lysates were captured after exposure
using SDS-free Halt Protease Inhibitor (Thermo Scientific). The Catalase Activity Assay
Kit (Abcam, ab83464, Cambridge, UK), Superoxide Dismutase Activity Assay Kit (Abcam,
ab65354), Amplite™ Glutathione Peroxidase Assay Kit (AAT Bioquest, 11560), and Am-
plite™ Rapid Fluorimetric Glutathione GSH/GSSG Ratio Assay Kit (AAT Bioquest, 10060)
were each used to quantify their associated molecule’s concentration. Lysates were addi-
tionally quantified by Pierce BCA Protein Assay Kit (ThermoFisher Scientific) to ensure
normalized reporting. Results were reported as fold-changes relative to unexposed cell’s

concentrations of these biomolecules.

2.3.12 ATP Production

To assess ATP in HMC3 exposed to MNPs, the ReadiUse™Rapid Luminometric ATP
(AAT Bioquest 21601) was performed. HMC3 cells were plated in 96-well plates at a density
of 10,000 cells per 100 pL and allowed to attach for 24 hours. After washing in HBSS,
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appropriate MNP solutions were applied for 72 hours. Before reading, 100 pL of the assay
reagent was added to each well and incubated at room temperature in dark conditions for
15 minutes. Luminescent intensity was recording with the VarioSkan Lux, and results were

reported as fold-changes relative to unexposed cells.

2.3.13 Mitochondrial Oxygen Consumption and Cellular Metabolism

The Seahorse XFe96 Analyzer (Agilent, Santa Clara, California, USA) was used to
measure the oxygen consumption rates (OCR) and extracellular acidification rates (ECAR)
in accordance with the Cell Mito Stress Test Kit (103015-100, Agilent). Using the specialized
Seahorse XF 96-well plates required by the machine, 10,000 cells in 100 pL. were plated
and allowed to attach for 72 hours. After washing in HBSS, appropriate MNP solutions
were applied for 72 hours. The assay was performed in accordance to the manufacturers
protocol [180]. Briefly, real-time OCRs and ECARs were collected following the injections
of specific mitochondrial electron transport chain complex inhibitors in the following order,
each approximately 20 minutes apart: Oligomycin (1.5 uM, 99 %, Sigma-Aldrich), FCCP
(0.25 uM, 98%, Sigma-Aldrich), and Antimycin A & Rotenone (0.5 pM, Thermo Fisher
Scientific and Sigma-Aldrich; respectively). Data was normalized by Pierce BCA protein

assay kit (ThermoFisher Scientific).

2.3.14 Supernatant Cytokine Release

Concentrations of interleukin-6 (IL-6) and interleukin-8 (IL-8) were assessed through
colorimetric ELISA sandwich kits (Invitrogen 88-7066 and 88-7346, respectively). HMC3
cells were plated in six-well plates at a density of 50,000 cells per 1.5 mL and allowed to
attach for 24 hours. After washing in HBSS, appropriate MNP solutions were applied for
72 hours. After this time point, culture medium was collected from each replicated and
centrifuged at 400 g for 4 minutes to remove debris. The remaining supernatant was stored

at -80°C until read.
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The ELISA kits were followed in accordance with the associated protocol. Briefly, cap-
ture antibodies were adhered to 96-well plates overnight, followed by the addition of thawed
supernatant and overnight incubation. Appropriate detection antibodies were added there-
after, followed by horseradish peroxidase and chromogenic substrate 3,3’,5,5’-tetramethylbenzidine.
After a 15-20 minute incubation, sulfuric acid was added to halt the reaction, and measure-
ments were taken using the VarioSkan Lux at both 450 nm and 570 nm, with the latter being
subtracted from the former for background correction. For each incubation step, the well
plates were shaken at 600 rpm for 10 minutes before and after the addition of any subsequent
reagents. Assay performance was validated through calibrant curves along with a bacterial
lipopolysaccharide (LPS; Invitrogen 00-4976-93) exposure to HMC3 at 50, 100, and 200 nM
as a positive control for cytokine induction. Data was reported as fold-changes of MNP

sample cytokine concentrations relative to those of unexposed cells.

2.3.15 Mitochondrial Mass and Mitophagy

To quantify the relative mitochondrial mass in HMC3 exposed to MNPs, MitoTracker™
Green FM (M46750, Thermo Fisher Scientific) was assessed through flow cytometry. HMC3
cells were plated in six-well plates at a density of 50,000 cells per 1.5 mL and allowed to
attach for 24 hours. After washing in HBSS, appropriate MNP solutions were applied for
72 hours. Before reading, cells were incubated in 100 nM MitoTracker™ for 30 minutes.
Cells were washed twice with PBS, trypsinized, and washed twice more in HBSS through
centrifugation at 400 g for 4 minutes. Cells were resuspended in 250 pL. HBSS and analyzed
with the MACSQuant@®) Analyzer 10. The B1 channel (350V; 488 nm excitation, 500-550
nm emission) was used to assess the fluorescence per cell, with 10,000 cells quantified per
replicated (n=3). Single, viable cells were selected in FlowJo by FSC and SSC gating, and
the average fluorescence per replicate was compared against non-MNP exposed cell means.

To verify mitophagy, two methodologies were employed. First, the colocalization of

mitochondria and lysosomes were assessed using MitoTracker™ Green FM and LysoBrite™
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Red(22645, AAT Bioquest), respectively. Ten thousand HMC3 cells were seeded in confocal
dishes (75856-742, VWR, Avantor) and allowed to attach for 24 hours. Following a wash in
HBSS, cells were exposed to appropriate MNP solutions for 72 hours. Cells were washed
twice more in HBSS and incubated in 100 nM MitoTracker™ for 20 minutes followed by
1X™ for 15 minutes. Samples were washed thrice and imaged with the Echo Revolution
fluorescent microscope with FITC (25 % LED power, 200 ms exposure) and TxRED (5%
LED power, 100 ms exposure) channels. To assess the colocalization, ImageJ was used to
separate image color channels, where ROIs were overlaid and the pixel mean gray intensity
per channel was graphed. Data were plotted in OriginPro 2025b (OriginLab Corporation,
Northampton, MA, USA) to show the fluorescent intensity overlap along the length of the
ROL

Mitophagy was confirmed further through the use of MtPhagy Dye (MT02, Dojindo,
Kumamoto, Japan). HMC3 cells were plated in six-well plates at a density of 50,000 cells
per 1.5 mL and allowed to attach for 24 hours. After washing in HBSS, appropriate MNP
solutions were applied for 72 hours. A day prior to reading, cells were incubated in 100 nM
MtPhagy dye for 30 minutes and returned to MNP media for the remaining 24 hours. Cells
were washed twice with PBS, trypsinized, and washed twice more in HBSS through centrifu-
gation at 400 g for 4 minutes. Cells were resuspended in 250 pL. HBSS and analyzed with
the CytoFLEX LX cytometer (Beckman Coulter) on the FL3-H channel (488 nm excitation,
690 + 25 nm emission). Single, viable cells were selected in FlowJo by FSC and SSC gating,

and the average fluorescence per replicate was compared against control cell means.

2.3.16 MNP Autofluorescent Validation

In order to insure plastics would not interfere with fluorimetric analyses, excitation and
emission spectra of MNPs were caputred in the VarioSkan Lux Microplate Reader. Aqueous
stocks at 1 mg/mL for real-world MNPs and 100 pg/mL for PS-50 NPs were read in 96-

well plates to discover excitation spectra through absorbance readings. From the recorded
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peak absorbance wavelength, the emission spectra fluorescence were observed. Both Cup-
MNPs and PS-50 NPs were not observed to contain significant excitation or emission spectra.
Fork-MNPs showed an excitation peak around 300 nm and a corresponding emission spectra
from this peak around 410-450 nm, far outside the range that each experimental assay was

performed (Figure A.2).

2.3.17 Statistical Analysis

Statistical variations between HMC3 exposed to MNPs and HMC3 not exposed to plas-
tics were performed using one-way analysis of variance (ANOVA) with by Dunnett’s post hoc
test. All statistical models were performed in GraphPad Prism V10.5 (GraphPad Software,
San Diego, CA, USA). Quantified data are represented as the mean + standard deviation
(SD) as calculated from independent replicates. P-values < 0.05 were considered to be

statistically significant.

2.4 Results and Discussion

2.4.1 Physicochemical Characterization of MINPs

In order to accurately understand the impacts the MNPs have on HMC3, a complete un-
derstanding of the physical and chemical properties is required. Attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) was performed on the real-world MNP
samples. The results showed the plastics most closely resemble PS, with characteristic trans-
mission bands at at 3031 cm™! and 2919 cm™! correlating to aromatic C-H and CH, vibra-
tions, respectively. Distinct absorption features at 1600, 1488, and 1453 cm ™! were attributed
to the C=C bonds found along aromatic benzene rings. Additionally, bands located at 754
and 706 cm™! were correlated to those of C-H bending vibrations, confirming the presence
of PS. These spectral characteristics validate that both Cup-MNPs and Fork-MNPs pre-
dominantly consist of PS, allowing for direct comparative analyses between the two samples

without concern for material composition differences. Given that the pristine plastic group
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is also comprised of PS, comparisons between treatments can be assessed with respect to
morphology and size rather than composition.

Previous nano-toxicological studies indicate that particle size and morphology dictate
their interactions and impact on biological systems, indicating a crucial step in understanding
the impacts of MNPs on HMC3 cells [181, 182]. Scanning electron microscopy (SEM, Zeiss
EVO 50) was performed on the real-world MNP samples in order to calculate bulk particle
size and understand the morphology (Figure 2.2b and c). Both real-world samples consisted
of a heterogeneous mixture of irregular, spherical-shaped particles that most resemble those
of fragments, mirroring those abundantly found in the human body [92, 99, 100, 106]. Cup-
MNPs presented an average size of 41.3 4+ 27.4 pm, and Fork-MNPs were similarly sized
at 40.5 + 25.2 pm. Cup-MNPs displayed a size distribution ranging from 10 to 50 pm for
85% of particles, with 98% measuring below 90 pm (Figure 2.2c). Fork-MNPs exhibited a
similar distribution, with 73% of particles between 10 and 50 pm, and 90% below 90 pm
(Figure 2.2¢). Both groups display sizes synonymous with those found in the human body,
particularly the brain [92]. These size ranges also match the profiles of plastics found to
naturally release from consumer plastics, allowing for more accurate analyses of the impacts
on the human brain [183, 74].

The zeta potential was assessed for real-world MNPs along with PS-50 to understand
the surface charge that these particles exert. Measurements of the particles in complete
cell media showed each sample to exert a negative, yet near-neutral charge, indicative of
biocorona formation from the serum present in the media (Figure 2.2d).

Given the limitations in SEM for viewing both micro- and nano- size fragments, DLS
was performed on the particles following subjugation to a 0.45 pm filter. Hydrodynamic
size analyses were then conducted by dynamic light scattering (DLS) measurements. Cup-
MNPs displayed bimodal peaks at 20.05 nm + 11.66 nm and 117.03 nm =+ 40.59 nm, and
Fork-MNPs showed similar bimodalism at 8.86 nm + 2.57 nm and 56.03 nm 4+ 27.85 nm.
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Figure 2.2: Characterization of Micro- and Nanoplastics (MNPs). (a) Attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) spectra of Cup- and Fork-
MNPs. (b) Scanning electron microscopy (SEM) images displaying representative morpholo-
gies of the real-world MNP samples (c) Size distribution of MNPs determined from SEM
images (n = 111 for Cup-MNPs; n = 140 for Fork-MNPs). (d) Zeta potential of MNPs in cell
culture medium. (e) Hydrodynamic diameter of MNPs in media measured by DLS, showing
a bimodal distribution after filtration through a 0.45 pm filter.

Forks were found to display significantly smaller particles when compared to those of
Cup-MNPs, and even smaller than those of PS-50, which range from 50 - 100 nm per the
manufacturer’s specifications. Nano-sized fractions in both the real-world and pristine sam-
ples allows for comparable assessments between the morphological and structural differences
between the two, with PS-50 lacking many of the microstructures that are seen in real-world

nanoplastics [97, 54]. The inclusion of both sample types allows for a systematic analysis for
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how the human brain interacts with these polymeric materials, better informing their use in
further studies on how plastics impact the body.

The synthesis of polymers can involve heavy metals for pigmentation, additives, plasti-
cizers, and metallocatalysts for elongation [40]. Metals frequently seen in synthetic plastics
include lead (Pb), cadmium (Cd), chromium (Cr), mercury (Hg), nickel (Ni), and zinc (Zn)
[35]. Additionally, these elements can be absorbed by plastics in the environment, namely
landfills, before they find their way into the human body [55]. While often considered to
homogeneously plastic, MNPs’ interactions with known toxicants can drastically alter their
toxicological profile [184, 185, 186]. Trace metal concentrations of the MNP samples were
analyzed by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The
concentrations of each of these elements was below the limit of detection, indicating the

MNPs to be free of metal contamination (Figure A.1).

2.4.2 Interactions between HMC3 and MNPs

In order to gauge cytotoxicity, HMC3 cells were exposed to Cup-MNPs, Fork-MNPs, and
PS-50 NPs at doses of 0.1, 1.0, and 10 pg/mL and analyzed at 24, 48, and 72 hour endpoints
by trypan blue. No significant losses in cell viability were observed for any condition, but
instead a slight increase was observed after 72 hours in Cup- and Fork-MNP samples (Figure
2.3a). Microglia have been shown to increase proliferative pathways under acute stresses,
namely increases in reactive oxygen species (ROS) [171, 169, 187]. Thus, the 72 hour time
point was chosen for further analyses.

Microglia possess the ability to phagocytose, with dying cells, pathogens, and cellular
debris being a primary target [188]. HMC3 have been shown to uptake smaller, pristine PS
particles in previous studies[164]. Because of this, it was predicted that the real-world MNPs
would be detectable interacting and internalized with the cells. Both flow cytometry and
enhanced darkfield hyperspectral imaging (CytoViva, Inc) were used in order to quantify and

visualize these events, respectively. MNP samples were stained with Nile Red and exposed
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Figure 2.3: Interactions of MNPs with HMC3 Cells. (a) Viability of HMC3 exposed to 0.1,
1.0, and 10 pg/mL MNPs for 24, 48, and 72 hours (n=4). (b) Quantification of Cup- and
Fork-MNP uptake, respectively, after 72 hours using Nile Red and flow cytometry (n=3;
mean of 10,000 cells uptaken per experiment) (¢) Hyperspectral enhanced darkfield mi-
croscopy analyses of HMC3 exposed to 1 ng/mlL MNPs for 72 hours; SAM, Spectral Angle
Mapper. Data are shown as mean + SD; one-way ANOVA followed by Dunnett’s post hoc
test was used to compare each treatment group with the control.
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to cells at a range of 0.1, 1.0, 10, and 100 pg/mL for 72 hours. The higher concentration
of 100 pg/mL was selected in order to validate what has been seen in previous studies with
higher concentrations.

Cells exposed to Cup-MNPs were found to significantly fluoresce at and above 1.0
ng/mL, where Fork-MNPs were significantly detectable at and above 10 pg/mL (Figure
2.3b). Prior studies using similar methodologies for environmentally-relevant MNPs have
detected significant fluorescence only above much higher concentrations, with detection typ-
ically only seen above 50 png/mL [189]. At 100 pg/mL, 86% of cells exposed to Cup-MNPs
were shown to uptake the particles compared to only 17% of cells exposed to the same
concentration of Fork-MNPs (Figure 2.3b).

PS-50 particles were not able to be detected at any concentration using this methodology;,
which is believed to be a result of their size. Previous studies have reported detection
limitations with this method for particles smaller than approximately 100 nm, meaning
the PS-50 samples along with nano-fraction real-world MNPs would remain undetectable
(190, 191]. Smaller particles lack sufficient area to retain enough dye signal and display
faster dye desorption rates for analysis with flow cytometry. Given the higher proportion of
NPs in Fork-MNPs, this principle could explain the lower detectable uptake of the particles
compared to Cup-MNPs.

These results imply that MNP uptake detection is dependent on size. The Cup-MNPs
showed much higher uptake when compared to Fork-MNPs at each concentration along with
larger size fragments in both bulk and nano-fractions. Macrophages have been previously
shown to preferentially phagocytose pristine PS spheres in the 2-3 pm range, as particles in
this range are able to fit in between the membrane ruffles present in these cells [192]. These
correspond to the sizes of many naturally phagocytosed debris, such as apoptotic bodies and

beta-amyloid plaques (AfS-plaques) [193, 194]. Additionally characteristics such as surface
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roughness and rigidity are able to influence particle uptake, with increased roughness in-
creasing surface area for initial attachment and stiffer particles deforming less and providing
an easier target to uptake [195].

The interactions between MNPs and HMC3 were additionally observed using CytoViva
hyperspectral darkfield microscopy. Label-free MNPs were able to be visualized in direct
contact with cells at concentrations of 1.0 ng/mL, providing confirmation that MNPs are
present in cellular microenvironments (Figure 2.3c). Each MNP sample was visible at this
concentration, which is one of the lowest concentrations at which label-free plastics have been
able to be shown to interact with cells [94]. By directly confirming the presence of label-free
particles, a more accurate representation of particle-cell interactions can be assessed. The
labeling process itself impacts the behavior of the particle, including corona formation and

free-dye kinetics [196, 197].

2.4.3 Pristine PS-NPs Elicit Greater Redox Imbalances Compared to Real-
World MNPs

To determine whether ROS contributed to the increased cell viability observed after
exposure to Cup- and Fork-MNPs, intracellular ROS concentrations were quantified by flow
cytometery after 72 hours of exposure. Both real-world MNP samples elicited a statistically
significant, yet moderate increase in ROS production above 1.0 pg/mL, while Fork-MNPs in-
creased ROS as low as 0.1 pg/mL (Figure 2.4a). PS-50 exposure produced a much stronger,
nearly two-fold increase of ROS above 1.0 pg/mL relative to untreated controls. Moderate
ROS increases are known to coincide with various cellular processes, including proliferative
signaling and antioxidant defense increases, while excessive ROS accumulation drives oxida-
tive stress and cellular distress [187, 198, 199]. Given that mitochondria represent a major
source of intracellular ROS, mitochondrial ROS (mtROS) levels were also assessed (Figure
2.4b). Although there were no statistically significant changes, Cup- and Fork-MNPs were

shown to decrease mtROS while PS-50 elicited a slight increase at 1.0 and 10 pg/mL.
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Figure 2.4: Effects of MNPs on Microglial Redox Balance Following 72 Hour Exposure.
(a) Quantification of general ROS levels using the 2’ 7-DCFDA assay measured by flow
cytometry (n=3; mean of 10,000 cells uptaken per replicate); 200 M tBuOOH was used as a
positive control. (b) Quantification of mitochondrial ROS by flow cytometry using MitoROS
fluorescent dye, with fluorescence normalized to controls (n=3; average of 10,000 cells per
experiment); antimycin A and rotenone (10 uM each) were concurrently used as a positive
control. (c) Superoxide dismutase (SOD) activity. (d) Catalase activity. (e) GSH/GSSG
ratio. Data are presented as mean + SD; one-way ANOVA followed by Dunnett’s test was
used to compare multiple treatment group means against the control group mean; * p < 0.05,
*x p < 0.01, *xxx p <0.001, **x*xx p<0.0001.

To evaluate whether MNP exposure disrupted redox homeostasis, key antioxidant de-
fenses were quantified in HMC3 cells. Total superoxide dismutase (SOD) activity, responsible
for the catalyzation of superoxide radicals to hydrogen peroxide, was found to be significantly
upregulated in cells exposed to both real-world MNPs and PS-50 (Figure 2.4c). For each
sample, the lowest concentration of 0.1 pg/mL exhibited the highest concentrations of SOD,
consistent with an early adaptive response to increased ROS. In contrast, catalase activity,
responsible for the decomposition of hydrogen peroxide, did not exhibit a corresponding in-
crease (Figure 2.4d). Catalase activity remained largely consistent across samples at lower

concentrations, but higher doses of PS-50 were shown to elicit significant decreases in the
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enzymatic function, suggesting compromised redox capacity as supported by the heightened
ROS accumulation seen in PS-50 1.0 and 10 pg/mL concentrations.

The ratio of reduced to oxidized glutathione (GSH/GSSG) was assessed to understand
the overall redox state of HMC3 cells exposed to MNPs (Figure 2.4e). A modest increase in
the GSH/GSSG ratio was observed in Fork-MNPs at 10 pg/mL, while Cup-MNP and PS-50
samples caused a dose-dependent decrease in the ratio, with PS-50 at 10 pg/mL showing a
significant decrease compared to unexposed cells. Given the glutathione system represents
the major mitochondrial antioxidant buffer, a reduced GSH/GSSG ratio indicates perturbed
mitochondrial redox balance and heightened susceptibility to oxidative injury [200, 201].
Decreases in GSH/GSSG ratio are closely associated with mitochondrial dysfunction and
are frequently reported in mitochondrial-related pathologies, including neurodegenerative
disorders such as Parkinson’s Disease and Alzheimer’s Disease [202, 203, 204].

Combined, these findings indicate Cup- and Fork-MNPs elicit a low-to-moderate in-
crease in ROS levels, with HMC3 cells attempting to counterbalance through adaptive an-
tioxidant responses. In contrast, the pristine PS-50 NPs overwhelm cellular redox mecha-
nisms, leading to reduced antioxidant capacity and persistent oxidative stress. Pristine NPs
are characteristic inducers of oxidative stress, with similar doses of PS-NPs shown to elicit
heightened ROS amongst in vitro and in vivo targets [205, 206, 207, 95]. Consumer product-
derived MNPs such as those used in this experiment do not appear to provoke oxidative stress
to the same extent as PS-50, potentially as a result of the lesser fraction of highly-reactive
nanoscale particles [208]. This lack of a pronounced oxidative stress-response was similarly
reported in zebrafish brains following long-term exposure to real-world plastics that where
fabricated from similar consumer items (plastic bags, straws, bottles) and psudeo-weathered

through UV exposure [209)].
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2.4.4 Pristine PS-NPs Induce Mitochondrial Dysfunction, Real-World MNPs

Trigger Mitochondrial Adaptive Response

The cellular redox state is tightly interconnected with mitochondrial dysfunction. Ox-
idative phosphorylation (OXPHOS) within mitochondria generates ATP to meet cellular
energy demands, which depends on the mitochondrial membrane potential (AW,,) to drive
electron transport across the inner mitochondrial membrane. During this process, ROS are
produced as byproducts of electron transport chain (ETC) function [210, 211]. Thus, mito-
chondrial dysfunction constituently results in elevated RIS generation and oxidative stress.
To assess the impact of MNP exposure on OXPHOS function, mitochondrial respiration and
oxygen consumption rates (OCR) were quantified using the Seahorse XF Mito Stress Test
on HMC3 cells after 72-hour exposure to plastics (Figure 2.5).

Mitochondrial stress responses differed in accordance with particle dose, size, and physic-
ochemical characteristics. Exposure to the pristine PS-50 sample elicited a general decrease,
significant or otherwise, across each respiratory parameter at all concentrations. This cor-
relates appropriately to the observed elevation in total and mitochondrial ROS in PS-50
samples (Figure 2.4a & b). Perturbed mitochondrial respiration has been reported across
various in vitro models exposed to doses over 5 pg/mL PS-NPs, including liver, lung, and
brain cells [212, 213]. A common brain cell model, SH-SY5Y, has shown dysregulation of mi-
tochondrial Complex I as a primary driver in PS-NP induced respiratory deficits [161, 212].
The 5 ng/mL dose at which these conditions were observed in prior studies is five-fold higher
than the minimal dose at which mitochondrial respiratory defects were observed here (1
ng/mL), which may be a result of more efficient PS-NP internalization by microglial phago-
cytosis when compared to neuronal models [169].

Basal respiration, ATP-linked respiration, and proton leak were modestly reduced in
cells exposed to 1 pg/mL of Cup-MNPs (Figure 2.5d, e, & f). At the increased dose of 10
ng/mL, both basal and ATP-linked respiration returned to control values, while maximal

and spare respiratory capacity were shown to be elevated, and proton leak was significantly
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Figure 2.5: Mitochondrial respiration parameters in HMC3 after 72-hour exposure to MNPs.
The Seahorse XFe96 Analyzer was used to quantify oxygen consumption rates (OCR) in
control and MNP-exposed cells at (a) 0.1 pg/mkL, (b) 1.0 pg/mL, and (c) 10 pg/mL. Key pa-
rameters of mitochondrial respiration were then derived, with (d) basal respiration (oxygen
consumption used to meet cellular ATP demand), (e) ATP-linked respiration (fraction of
basal respiration coupled to ATP production), (f) proton leak (fraction of basal respiration
not coupled to ATP synthesis), (g) maximal respiration (maximum OCR achieved under
conditions of uncoupled respiration), and (h) spare respiratory capacity (the difference be-
tween maximal and basal respiration, reflecting the cell’s ability to meet increased energetic
demand or respond to stress) plotted separately amongst each concentration. Data are pre-
sented as mean + SD (n= 8 for 0.1 and 1 pug/mlL; n=11 for 10 pg/mL); One-way ANOVA
followed by Dunnett’s test was used to compare multiple treatment group means against the
control group mean; * p < 0.05, * * p < 0.01, x % x p < 0.001, * % x *x p < 0.0001.
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upregulated (Figure 2.5f, g, & h). This trend is indicative of adaptive mitochondrial re-
sponse to Cup-MNP-induced stress. While increased proton leak lowers coupling efficacy, it
may concurrently stimulate excessive ROS formation by modulating AW, conferring pro-
tection against oxidative injury [214, 215]. This aligns with the observed low to moderate
ROS concentrations observed in Cup-MNP-exposed HMC3. In cells exposed to Fork-MNPs,
a trend toward mitochondrial compensation was observed, as evidenced through elevated
respiratory parameters, although no concentration of Fork-MNP exposure elicited statisti-
cally significant changes. However, the elevated proton leak, maximal respiration, and spare
capacity observed at 10 pg/mL matches those seen in Cup-MNPs, supporting the adap-
tive mitochondrial response characterized by restorative upregulation of OXPHOS under

intermediate stress conditions [216, 217].
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Figure 2.6: Effects of MNPs at varying concentrations on mitochondrial membrane potential
(AV,,) and ATP concentrations in HMC3 cells. (a) Quantification of AW,,, in HMC3 exposed
to MNPs for 72 hours and in untreated controls, assessed through flow cytometry using
TMRE fluorescent dye. Cells exposed to 10 pM CCCP were included as a positive control
(fluorescence values normalized to control; n=3; mean of 10,000 uptaken per replicate).
(b) Intracellular ATP levels assessed by ReadiUse™ Rapid Luminometric ATP Assay Kit
compared to unexposed cells (n=4). Data are presented as mean + SD (n= 8 for 0.1 and
1 pg/mL; n=11 for 10 pg/mL); One-way ANOVA followed by Dunnett’s test was used
to compare multiple treatment group means against the control group mean; x p < 0.05,
* % p < 0.01, %% p<0.001, *«*xx*x p<0.0001.

The AW, and intracellular ATP content were assessed in HMC3 following MNP expo-

sure (Figure 2.6a & b). Only slight deviations in AW,, were detected for all concentrations
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for the real-world Cup- and Fork-MNPs, with the highest dose of 10 ng/mL showing moder-
ate decreases in Cup-MNPs. However, PS-50 treatments in HMC3 cells at 10 pg/mL showed
statistically significant decreases in AWV,, with a parallel decrease in ATP levels, consistent
with overt mitochondrial dysfunction. Similar mitochondrial defects have been described in
neurons from mice exposed to pristine PS-NPs of similar sizes for four weeks [218]. This
has been further corroborated in SH-SY5Y cells, where reductions in AV¥,, and ATP were
reported in PS-NP doses from 5 - 500 pg/mL [212]. By comparison, the moderate decline in
AW, observed in HMC3 exposed to 10 pg/mL of Cup-MNPs was not accompanied by ATP
declines. Both real-world MNP samples did not result in a decrease of ATP, consistent with
the observed enhancement of OXPHOS activity, indicating the preservation of mitochondrial
compensatory capacity in response to MNP-induced stress.

HMC3 are dependent on OXPHOS pathways for sufficient energy to maintain home-
ostasis and cellular function, including immune defense mechanisms [219]. Impairment of
mitochondrial respiration can promote a metabolic shift toward glycolytic pathways, and
thus the extracellular acidification rate (ECAR), a proxy for glycolytic and related acidify-
ing metabolism, was measure in PS-50 treated HMC3 cells to assess changes in metabolism
(Figure 2.7). Exposure to PS-50 at 1 and 10 pg/mL led to the reduction of ECAR relative
to unexposed cells. The concomitant decrease in OXPHOS and ECAR indicates general
metabolic suppression rather than compensatory redistribution of ATP production at these
doses.

The combined data indicate that exposure to pristine PS-50 NPs is able to induce a
suppression of metabolic activity through a reduction in respiration markers, diminished
ATP without a compensatory mechanism, lowered AW¥,,,, and increased ROS generation, all
of which are indicative of mitochondrial dysfunction. The early stages of these phenomena
can be seen at doses as low as 1.0 pg/mL, with 10 pg/mL showing much stronger evidence for

impairment. These perturbations align with cellular phenotypes typically associated with

76



PS-50 ECAR

1501
=
3
o -o- Control
o ; 100+ T 7+ I+ + T T 1 PS-50 0.1 pg/mL
— —t —t e
<E / s r— 1 - PS-501.0 ug/mL
c
I-IJ.E —— PS-50 10 pg/mL
T
o
E
0 1 1 1 1
0 20 40 60 80

Time (Minutes)

Figure 2.7: Extracellular acidification rate (ECAR) of HMC3 cells exposed to varying con-
centrations of pristine PS-50 (n=6). Data are presented as mean + SD (n= 8 for 0.1 and
1 pg/mL; n=11 for 10 pg/mL); One-way ANOVA followed by Dunnett’s test was used
to compare multiple treatment group means against the control group mean; x p < 0.05,
*x p < 0.0, % %% p <0.001, **xxx p<0.0001.

neurodegenerative disorders [170, 171]. These impacts are noticeably absent in the real-
world Cup- and Fork-MNP samples, with only moderate ROS increases and cellular activity

associated with adaptive mitochondrial responses at equivalent doses.

2.4.5 Mitochondrial Remodeling Following Exposure to MINPs

The condition at which mitochondria function is essential to sustain bioenergetic de-
mands and prevent irregular organelle accumulation. Elevated concentrations of ROS that
are sustained over time are able to promote mitophagy, an autophagic pathway responsible
for the clearance of dysfunctional mitochondria by lysosomes [220, 221]. In conditions of
elevated mitochondrial dysfunction, such as Parkinson’s Disease, mitophagic clearance has

been seen to be elevated, with defective mitochondria preferentially targeted [222]. To assess
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whether MNP exposure alters mitochondrial mass and turnover, MitoTracker Green FM flu-
orescence was quantified in HMC3 cells by flow cytometry (Figure 2.8a). This dye presents

the advantage of AWV, ,-free fluorescence, targeting mitochondrial membrane proteins.
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Figure 2.8: Mitochondrial remodeling in HMC3 cells exposed to varying MNP concentra-
tions. (a) Mitochondrial mass quantified by flow cytometry using MitoTracker Green FM
(n=3, mean 10,000 cells uptaken per replicate). (b) Mitophagic activity validated using
MtPhagy dye in HMC3 cells exposed to 1.0 pg/mL of each MNP sample (n=4; mean 10,000
cells uptaken per replicate). (c) Representative fluorescent microscopy confirming the co-
localization of dysfunctional mitochondria with lysosomes, stained using MitoTracker Green
FM and LysoBrite Red, respectively. Cells exposed to 10 pM CCCP were used as a positive
control (PC) for mitophagic experiments, while cells not exposed to MNPs were used as
the negative control (NC). Data are presented as mean £+ SD. One-way ANOVA followed
by Dunnett’s test was used to compare multiple treatment group means against the control
group mean; x p < 0.05, * x p < 0.01, xx % p < 0.001, **x*x p < 0.0001.
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Mitochondrial mass exhibited dose-dependent variations across all MNP sample types.
At 0.1 pg/mL, Fork-MNPs and PS-50 NPs exhibited a statistically significant increase in
mass, while Cup-MNPs were increased yet not significant. Fork-MNPs displayed the great-
est increase in fluorescence, correlated to the adaptive response in early stress conditions.
This increase is correlated with activation of mitochondrial biogenesis, a process involved
in expanding mitochondrial networks to compensate for oxidative damage in irregular or-
ganelles and sustain metabolic function [223, 224]. Complementary to this, Fork-MNPs at
0.1 pg/mL were shown to significantly increase ROS at a modest concentration, as well as
a reduction in the GSH/GSSG ratio (Figure 2.4), indicating the early-onset disruption to
cellular homeostasis.

Interestingly, exposure to each MNP sample at 1.0 pg/mL resulted in a significant
decrease in mitochondrial mass, likely indicative of cellular protection through dysfunctional
mitochondrial clearance by the means of mitophagic pathways. Two separate methodologies
were employed in order to investigate this phenomenon, with col-localization of mitochondria
and lysosomes assessed by fluorescent microscopy and the mitophagy indicator aptly named
MtPhagy quantified through flow cytometry, both at the 1.0 pg/mL dose (Figure 2.8b &
¢). Mitochondria were visually seen to be localized with lysosomes in higher proportions in
MNP samples when compared to unexposed HMC3 cells, aligning closely with cells exposed
the known mitophagy inducer CCCP. Additionally, Fork-MNPs and PS-50 samples showed
significantly increased MtPhagy fluorescence, indicating substantial evidence for autophagic
clearance of the dysfunctional mitochondria. While not significant, Cup-MNPs also displayed
a moderate increase in fluorescence in comparison to the control, aligning with the lesser
extent of mitochondrial mass lost seen by MitoTracker Green FM.

At 10 pg/mL, mitochondrial mass reverted to increased levels compared to the control
for all treatment groups, suggestive of a compensatory biogenic response with the goal of nor-

malizing homeostasis following stress-induced mitophagy. In the PS-50-exposed HMC3, this
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increase was found to occur concurrently with a more pronounced mitochondrial dysfunc-
tion, implying biogenesis was insufficient to restore mitochondrial integrity to pre-exposure
levels. Similar PS-NP samples have been shown to trigger excessive mitophagy in previous

in vitro models, with the effects reported at concentrations above 5 pg/mL [212].

2.4.6 MNPs Induce Pro-Inflammatory Cytokine Release From HMC3

Microglia display a functional phenotype which is distinctly correlated to metabolic ac-
tivity, and disruptions in the mitochondrial OXPHOS pathways are key regulators of stress
adaptations, inflammatory signaling, and stress adaptation [168, 168, 225, 226]. In order to
measure the potential immune-associated impact seen with mitochondrial perturbations, the
concentrations of pro-inflammatory cytokines interleukin-6 (IL-6) and interleukin-8 (IL-8)
were quantified in HMC3 culture supernatants following 72 hours of MNP exposure (Figure
2.9a & b). These inflammatory markers serve as a widely-used indicator of microglial acti-
vation, and display heightened concentrations during inflammatory and immune responses
in the central nervous system (CNS) [227, 228].
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Figure 2.9: MNP-induced cytokine secretion in HMC3. ELISA-quantified concentrations
of (a) IL-6 and (b) IL-8 were quantified from the media supernatant following exposure to
MNPs for 72 hours. Data are presented as mean + SD (n = 4). One-way ANOVA followed
by Dunnett’s test was used to compare multiple treatment group means against the control
group mean; *x p < 0.05, xx p < 0.01, xxx p < 0.001, * *xxx p < 0.0001
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At the lower concentrations of 0.1 and 1.0 pg/ml, no significant variations in cytokine
release were detected in relation to unexposed cells. However at 10 pg/mL, Fork-MNPs
showed an elevated released profile for both IL-6 and IL-8, with the latter showing drasti-
cally significantly increased levels. HMC3 exposed to PS-50 NPs mirrored this significant
increase in IL-8, but a nonsignificant decrease in IL-6 production. The increased IL-8 release
from PS-NPs is consistent with previous in vitro studies where human lung and neural stem
cells along with monocytes display a similarly-activated profile [229, 230, 231]. These findings
corroborate studies where PS-NPs elicit pronounced in vivo neuroinflammation after cross-
ing the blood-brain barrier (BBB), where microglia have shown to enter an activated state
and upregulated pro-inflammatory cytokines through NF-xB and TLR9/MyD88 signaling
cascades, contributing to neurodegenerative pathology [131, 160, 232, 233]. ROS are recog-
nized modulators of these inflammatory pathways, and thus expatiate neuroinflammatory
responses [234].

Following this trend, both PS-50 and Fork-MNPs increased ROS production in HMC3
at 10 pg/mL, suggesting oxidative stress participates in the inflammatory release profile ob-
served. Cytokine responses driven by NPs have been documented in non-neuronal systems,
as real-world polyamide (PA) NPs enhanced IL-8 expression in BEAS-2B, a human lung
cell model, through NF-xB signaling [235]. This NP-induced inflammation occurred inde-
pendently of ROS production, providing evidence that this mechanism may have duplicate
pathways that lead to similar results.

Brain immune system modulation of plastics is supported by findings in mice exposed
to PS-MNPs, where microglia are shown to preferentially accumulate the plastics [164].
Multiple studies validate that PS-NPs, particularly those below 100 nm, evoke more pro-
nounced neuroinflammatory response both in vitro and in vivo when compared to larger
MNPs [205, 236]. Given Fork-MNPs contain both a larger nanofraction and smaller nanofrag-
ments compared to Cup-MNPs and PS-50, respectively, their increased capacity to release

pro-inflammatory cytokines aligns with these previous studies. Even when compared to
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PS-50, Fork-MNPs elicited an elevated inflammatory response, highlighting the potential
shortcomings of using pristine PS-NPs to understand the impacts of plastics in humans.
The additional surface roughness and rigidity deviations compared to pristine NPs are likely
to further stimulate immune effects of real-world MNPs, and further investigations are war-

ranted to understand the mechanistic effects that these particles have on the human brain.

2.5 Conclusions

This study investigated the impacts and deviations of biological effects between "real-
world” MNPs and pristine PS-NPs in human microglial cells, HMC3. The results demon-
strate pristine PS-50 NP samples elicit a strong response in the disruption of mitochondrial
homeostasis, ROS production, and immune response. Mitochondrial dysfunction, character-
ized by the loss of AW,,, lessened ATP production, and reduction of respiratory parameters,
was accompanied by the clearance of damaged mitochondria, evidenced through mitophagic
and biogenic pathways. In contrast, MNPs derived from common consumer goods, plastic
cups and forks, demonstrated a distinct physiological response at the same concentrations.
Despite similar oxidative stress and mitochondrial remodeling profiles, HMC3 cells presented
more robust metabolic profiles and the heightened adaptability in bioenergetics, consistent
with cellular stress compensation. Fork-MNP exposure was still found to present an elevated
pro-inflammatory cytokine release profile when compared to PS-50, demonstrating the im-
portance of the physicochemical properties of plastics found in the body and those used to
study such effects.

Pristine NPs demonstrating a heightened biological response compared to real-world
MNPs is most likely a result of a combination of factors. These include deviations in the
specific surface area (SSA), number of particles, and physicochemical properties. Given the
real-world samples contain particles 1000-fold larger than PS-50 NPs, far fewer particles are
physically present to constitute the equivalent mass concentration. Assuming comparable

densities, PS-50 samples could contain more than 108-times as many particles than both Cup-
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and Fork-MNP samples, vielding an increase in specific surface area on the order of 103. This
heightened reactive surface available for interaction with biological systems could present an
explanation for the variations in bioenergetic pathways, as studies have shown higher SSAs
can lead to stronger decrease in metabolic activities and increased ROS production [237, 238].
Pristine NPs also display an extraordinary degree of homogeneity when compared to real-
world MNPs, with fragmented particles displaying large deviations in eccentricity, roughness,
rigidity, surface defects, and microstructure. These features exhibit drastic variations in the
biocorona formation process, from kinetics to biomolecule absorption profiles, which can
dictate a particle’s behavior in biological systems [137, 97, 239].

Together, these findings present evidence that pristine PS-NPs may exaggerate mito-
chondrial toxicity when compared to consumer-derived, "real-world” MNPs, underscoring
the importance in selecting appropriate samples for the studies of plastics in the human
body in wvitro. Additionally, mitochondrial reprogramming and associated mechanisms are
highlighted as key mechanisms of microglia’s response to plastic accumulation. This work
serves to further validate the role of plastics in neuroinflammation and potential contribu-
tions to neurodegenerative behaviors. Most importantly, the results indicate that pristine
PS-NPs, which are widely used as a model for more realistic plastics that accumulate in
the human body, do not accurately reflect the biological impacts that more relevant MNPs
display in the human brain. The incorporation of physiologically relevant particles, includ-
ing physicochemical properties as well as the dose at which they are administered, must
be considered in experimental design strategy to best understand the threat that is faced
by individuals across the globe. These factors, along with representative chronic-exposure
studies, will provide the most accurate assessments to the effects of future real-world MNP

accumulations with in wvitro targets.
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Chapter 3
Transcriptomic Analyses of Microglial Cells Exposed to a Low-Dose of

Real-World Micro- and Nanoplastics

3.1 Abstract

The increasing prevalence of micro- and nanoplastics (MNPs) detected in the environ-
ment and the human brain has led to growing concerns over their possible neurotoxic effects.
While studies aim to understand the mechanistic impacts of these particles, they often utilize
non-representative, so-called ”pristine” polystyrene (PS) nanoplastics (NPs). While these
can be relevant for understanding the broader impact driven by plastics in the human brain,
the previous study has shown how distinct biologically impacts can be driven by the physic-
ochemical properties of MNPs. As such, pristine PS-NPs present a homogeneous, monodis-
perse profile that does not accurately reflect the particles that have been observed in the
human brain. These differences observed on a physiologically level would be compounded on
a molecular and gene expression level, ruling out their use for representative studies. In this
study, the effects of pristine PS-NPs with diameters ranging from 50 - 100 nm (PS-50) are
compared against MNPs generated from the degradation of common plastic consumer table-
ware, cups and forks, which have shown to readily degrade, on the gene-expression level.
Human brain microglia (Human Microglial Clone 3; HMC3) were exposed to 0.1 pg/mL
of either PS-50 NPs, cup-derived MNPs (Cup-MNPs), or fork-derived MNPs (Fork-MNPs)
for 72 hours, with their transcriptomes analyzed using next generation RNA sequencing
(RNA-seq). Differential gene expression analyses along with gene set enrichment analyses
(GSEA) were conducted to understand the variations amongst transcriptional profiles pre-
sented in microglia exposed to pristine and real-world plastics. Pristine PS-50 NPs were

found to strongly enrich endoplasmic reticulum (ER)-stress and unfolded protein response
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(UPR) pathways relative to the real-world MNPs, suggesting heightened stress sensitivity
in microglia exposed to pristine particles. Contrarily, both real-world MNP samples were
found to upregulate ECM remodeling and collagen production pathways relative to PS-50,
which has been previously shown to modulate immune response. While real-world MNPs
induced many complementary pathways, Fork-MNPs were found to enrich interleukin 10
(IL-10) signaling pathways relative to both pristine PS-NPs and Cup-MNPs, emphasizing
the role of particle size in the cellular response. Collectively, these results accentuate how the
physicochemical properties of plastic particles drive their biological response in microglia,
which affirms the importance of utilizing physiologically-relevant MNPs in studies gauging
their biological impacts, particularly at the gene-expression level. The general approach of

this study is shown in Figure 3.1.
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Figure 3.1: 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. Alterna-
tively, 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 ma-
terial characterization, next generation RNA sequencing (NGS RNA-Seq) was performed to
determine the transcriptome profiles of cells exposed to each plastic condition, n=3. Sample
variations, gene set enrichment analyses, differential gene identifications, and global expres-
sion trends were analyzed to determine the gene-expression responses to real-world and
pristine MNPs

3.2 Introduction

Plastic contamination of the environment has been evidenced to lead to bioaccumulation
of the material in humans. From consumer plastic goods, fragmentation into microplastics
(MPs), or plastics below 5 mm, as well as nanoplastics (NPs), or plastics below 1 jpm,
have been shown to enter the human body through inhalation, ingestion, and even dermal

absorption [49, 53, 23]. Previous studies have shown that micro- and nanoplastics (MNPs)
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preferentially accumulate in the brain, leading to concerns about their impacts on human
health and relation to neurodegenerative diseases [92, 131].

Studies that focus on understanding the toxicological effects of plastics on the brain
often utilize pristine nanoplastics, which are unable to accurately model "real-world” MNPs
due to their homogeneous size and shape profile. Previous studies in understanding bio-
material interactions have demonstrated the physicochemical properties of particles have a
significant impact on the fate of the biological system [181, 182]. Very few studies have
adopted the use of "real-world” MNPs, created from consumer products that are commonly
used and shown to readily release plastics into the environment or even human bodies directly.
Plastic cups, for instance, are estimated to leach 90,000 particles per year following the use
of such products 4-5 times a week [74]. Additional plastics in food-facing processes have
been shown to release up to billions of plastics, with everything ranging from preparation to
packaging to storage contributing to plastics in comestibles [72, 63, 10, 64, 73, 75].

Previous studies have highlighted the importance of plastic origin in toxicological stud-
ies [165, 97|, with previous findings suggesting pristine polystyrene (PS) NPs may exaggerate
biological effects when compared to more environmentally relevant MNPs. Previously, cell
physiology parameters have shown to differ across pristine PS-50 and real-world samples
in human brain microglia (Human Microglial Clone 3, HMC3) at identical concentrations.
Among the differences observed, distinct variations in oxidative stress and mitochondrial
responses were shown, with the pristine particles eliciting a much stronger stress response
along with pronounced mitochondrial respiratory dysregulation. Even at 0.1 pg/mL, the
lowest concentration tested, significant changes were observed in cells exposed to real-world
MNPs for reactive oxygen species (ROS) concentrations, antioxidant activity, and mitochon-
drial mass after 72 hours. In order to gauge the magnitude of these impacts and understand

molecular-level changes, in-depth investigations of gene-expression were warranted.
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Previous analyses that have sought to explore the transcriptomic profiles of cells exposed
to MNPs have relied on pristine PS-NPs, missing what effects might be seen by more repre-
sentative MNPs. A transcriptomic analysis of PS nanoplastics in BV-2 microglial cells used
doses of 25 — 75 pg/mL to identify NF-xB-mediated neuroinflammation, including TNF-
« upregulation [240]. Similarly, a characterization of PS-MNPs in pulmonary fibroblasts
employed concentrations ranging from 1 — 50 pg/mL for RNA-seq profiling, which found
differential gene expression profiles across particles both 0.1 and 1 pm, including variations
in mitochondrial function and oxidative phosphorylation (OXPHOS) pathways [241]. Both
studies utilized commercially-available PS-MNPs, which lack the heterogeneity of physico-
chemical properties that are seen in the body. This underscores the need for an investigation
into the gene-expression of human brain-model system exposed to relevant plastics.

In this study, transcriptomic profiling of microglial cells was conducted to identify the
molecular pathways and mechanisms responsible for biological responses to real-world MNPs
exposures. MNPs derived from two commercially available plastic products shown to leach
plastics, polystyrene cups and forks, were exposed to HMC3 at 0.1 png/mL in order to more
accurately represent real-world human exposure scenarios. These results were compared
against HMC3 exposed to pristine PS-NPs ranging from 50 — 100 nm in diameter (PS-50) at
an equivalent dose. Additionally, Cup- and Fork-MNP-exposed cells were briefly contrasted
to better understand how the physicochemical properties of the real-world MNPs influence bi-
ological response. Differentially expressed genes (DEGs) were identified and subsequently an-
alyzed to determine statistically significant transcriptional changes across treatments. From
these DEGs, co-expression networks were constructed to elucidate gene expression patterns,
revealing functionally related gene clusters and providing insight into the biological pathways
altered by real-world MNPs. Transcriptomic analyses revealed changes in cell homeosta-
sis, with real-world MNP samples eliciting higher responses in ECM-remodeling-associated
pathways, while pristine PS-50 NPs were shown to upregulate tRNA aminoacylation and

endoplasmic reticulum (ER) stress pathways.
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3.3 Materials and Methods

3.3.1 Reagents and Chemicals

Phosphate-Buffer Saline (PBS, 21-040-CV, Corning, Corning, New York, USA), Hanks’
Balanced Salt Solution (HBSS, SH30268.01, Cytiva, Marlborough, Massachusetts, USA) Fe-
tal Bovine Serum (FBS, 35-010 CV) Corning, Corning, New York, USA), Dulbecco’s mod-
ified eagle medium (10-013-CV, Corning, DMEM /High Glucose), Penicillin:Streptomycin
(16777-164, HyClone, Logan, Utah, USA), DNAse and RNAse Free Water (821932, MP
Biomedicals), RNAzol RT (RN 190, Molecular Research Center, Cincinnati, Ohio, USA),
Pure Ethyl Alcohol: Molecular Biology Grade (E7023, Sigma-Aldrich, St. Louis, MO, USA).
All necessary solutions were prepared with ultrapure water (BarnsteadMicroPure™Water

Purification System, 50132370, Thermo Scientific).

3.3.2 Preparation of Real-World Micro- and Nanoplastics and Physicochemical

Characterization

Cup- and Fork-MNPs were prepared according to a previously described protocol [179].
Consumer grade plastic cups and forks were purchased from a local grocery chain and sub-
sequently cut into fragments inside a sterile laminar flow hood to prevent contamination.
These fragments were allowed to cool in liquid nitrogen (LN3) before they were cryomilled
into MNP fragments (Pulversiette 14™, Fristch, Idar-Oberstein, Germany) over repeated cy-
cles. Larger sized particles were removed through sieving (120 pm; Fristch, Idar-Oberstein,
Germany), leaving environmentally relevant sized-MNPs for exposure. Stock solutions were
stored in ultrapure water at 1 mg/mL away from light and heat sources.

Commercially available pristine PS-NP (PS-50) samples were purchased from Spherotech
(Cat. No: PP-008-10, Lake Forest, Illinois, USA) with a diameter ranging from 50 nm to
100 nm, with an average diameter of 75 nm. These pristine particles were used as a reference

to compare against the effects of real-world MNPs.
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The MNPs were characterized in depth in previous works to better understand their
physicochemical properties. Briefly, bulk- and nanofragment-sized particles were measured
through scanning electron microscopy (SEM; Zeiss EVO 50) and dynamic light scattering
(DLS; Anton Paar Litesizer 500), respectively. The zeta potential of the MNPs with biocoro-
nas were measured through electrophoretic light scattering (ELS; Litesizer 500). To quantify
trace metal concentrations of some of the most frequently found contaminants and metallo-
catalysts, inductively coupled optical emission spectroscopy (ICP-OES) was performed us-
ing Multielement Standard Solution 1 for ICP (TraceCERT®); lead, zinc, cadmium, copper,
chromium, nickel, barium, and silver) Particle composition of real-world MNPs was assessed
through attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR;
iS50 FTIR, ThermoFisher).

3.3.3 HMCS3 Cell Culture, Exposure to MNPs and RNA Extraction

Human microglial clone 3 (HMC3) cells were obtained from the American Type Culture
Collection (ATCC CRL-3304, Manassas, Virginia, USA) and cultured in T-75 flasks (VWR-
Avantor, 10062-860) prior to RNA extraction. DMEM media (Cytiva) was completed with
a 10% FBS (Corning) and 1% antibiotic mixture consisting of penicillin and streptomycin
(Mediatech), and allowed to grow in a humidified incubator at 37°C and 5% carbon dioxide.

Before MNP exposure to the cells, fresh MNP media was prepared as specified in a
previous methodology. Briefly, MNPs were ultrasonicated at the 35 kHz range (97043-992,
VWR, Radnor, Pennsylvania, USA) for 30 minutes before incubation in FBS overnight, al-
lowing for biocorona formation to avoid aggregation. The PS-50 NPs were not ultrasonicated
and were directly mixed with FBS for biocorona formation. Following overnight incubation
in FBS in orbital shaking, all particles were resuspended in cell media and serial dilutions
of the MNP solutions were achieved in complete media to result in 0.1 pg/mL solutions of

each sample.
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Fifty thousand HMC3 cells were plated in six-well plates with 1.5 mL of complete media
and allowed to attach overnight. Following a wash in HBSS, cells were subjected to 1.5 mL
of 0.1 pg/mL MNP-medias in triplicate (Cup-MNPs, Fork-MNPs, or PS-50 NPs). After
72 hours of exposure, RNAs were isolated from the HMC3 using RNAzol RT (Molecular
Research Center) in accordance with the manufacturer’s protocol. Briefly, cells were lysed
using RNAzol, with DNA, proteins, and polysaccharides separated with the addition of
water and centrifugation. The remaining RNAs were isolated and cleansed by quadruplicate
washes in 75% molecular grade ethanol (E7023, Sigma-Aldrich) and resuspended in RNAse

free water.

3.3.4 RNA quality control

The RNeasy Plus Kit (Qiagen, Venlo, Netherlands) was used in order to ensure the
complete removal of gDNA. RNA concentration was quantified using a Qubit™4 Fluorome-
ter (Q33226, Invitrogen) in combination with StrandBrite Green (17658, AAT Bioquest),
following the manufacturers’ protocols. RNA purity was ensured using NanoDrop One
(ThermoFisher Scientific) and RNA integrity was evaluated in 1% agarose gel electrophore-
sis. RNAs with 260/280 and 260/230 absorbance ratios above 1.8 and good integrity were

selected for further analysis. Samples were stored at -80°C until needed.

3.3.5 Next-Generation RNA Sequencing

RNA samples were sent to the High-Throughput Sequencing and Genotyping Unit of
the Roy J Carver Biotechnology Center at the University of Illinois Urbana-Champaign for
sequencing. RNA libraries were prepared and quality-checked prior to sequencing on the
[lumina NovaSeq X Plus platform using a 10B flow cell (150-nucleotide paired-end reads).
A total of 233,708,802 paired-end reads were generated with an average of 25,967,644.67
reads per sample. The sequencing data were stored as FASTQ files, and a quality report of

0.5% of the samples was generated using MultiQC [242].
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3.3.6 RNA-seq data analysis

FASTQ files were transferred to the Alabama Supercomputer for preliminary processing.
The raw paired-end reads were quality filtered with Trimmomatic v0.39 using a standardized
trimming pipeline [243]. Any residual adapter sequences were first removed, followed by
the removal of the first 10 bases from each read to eliminate positional biases. Subsequent
trimming based on base-calling quality scores were applied to both 5" and 3’ ends, truncating
reads at the first based with a Phred quality score below 30 (Q < 30). Then, a sliding
window of 6 bases was employed to remove any read in which the mean quality score within
the window fell below Q30. Any remaining reads shorter than 36 nucleotides were removed,
removing approximately 13% of the raw paired-end reads. A resulting 202,378,748 paired-
end reads were analyzed with FastQC in order to ensure only the highest quality samples
would be considered for downstream alignment and expression quantification (Figure B.2).

Reads were aligned using HISAT2 v2.2.0 to the latest version of the GENCODE human
genome (v49) with an average of 98.92% overall alignment per sample [244, 245]. Aligned
reads were counted using StringTie v2.2.1 and stored as CSV files [246]. All processed read

data files will be submitted to Gene Ontology Omnibus (GEO) repository.

Differential Gene Expressions

For differential expression (DE) analyses, raw gene counts were imported into R (RStu-
dio v2025.09.1+401; R v4.5.2) and processed using DESeq2 (v1.48.2). Genes with less than
50 cumulative counts across all samples were excluded prior to analysis. Pairwise compar-
isons between each group (Cup-MNPs vs. PS-50, Fork-MNPs vs. PS-50, and Fork-MNPs
vs. Cup-MNPs) were assessed with a negative binomial linear model with Wald testing.
Adjusted p-values (p-adj) were calculated using the Benjamini-Hochberg (BH) method to
correct for multiple comparisons, and genes with a p-adj < 0.05 were considered differentially

expressed. Variance-stabilizing transformations (VST) were applied for the visualization of
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dispersion estimates, principal component analyses, sample-to-sample distance matrices, and
further downstream analyses.

To identify genes with significant expression differences across treatments, a one-way
ANOVA was applied across each gene across all samples using VST-normalized counts. Re-
sulting p-values were adjusted for multiple comparisons using the BH false discovery rate
correction method. The top 500 genes ranked by p-adj were selected for visualization in
both clustered and hierarchical structures. Expression values for these genes were converted
to row-wise Z-scores, mean-centered and scaled by standard deviation per gene.

These genes were additionally viewed through their protein product’s interaction using
STRING Database (String DB; v12.0). Briefly, the top 500 genes ranked by p-adj from the
one-way ANOVA were entered into String DB, and visualized based on evidenced interac-
tions. Each protein pairing was assigned a confidence score (0 - 1.0) based on their known,
predicted, and related interactions. K-clustering was selected, identifying the smallest num-
ber of possible clusters between the protein groups using the highest confidence interaction
metric (0.9) provided through the program. Genes that were found to not interact with any

other gene, or that were not found in the String DB, were hidden from the visualization.

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA v4.4.0) was performed on VST-normalized RNA-
seq counts using the Reactome v2026.1 gene set collection [247, 248, 249]. Expression data
were exported in GCT format and Ensembl gene IDs were collapsed to HGNC gene symbols
using the Human Ensembl Gene ID MSigDB chip annotation file (v2026.1), yielding 17,997
genes for analysis. GSEA (Desktop, v4.4.0) was run using the Reactome canonical pathway
gene set collection (C2.cp.reactome.v2026.1.Hs.symbols.gmt), with gene set size filters of 15
— 500 members and 1,000 gene set permutations. Four pairwise comparisons were performed
through a set-seed (149) t-test ranking: Cup-MNPs vs. PS-50, Fork-MNPs vs. PS-50,
Cup-MNPs vs. Fork-MNPs, and PS-50 vs. the combined real-world sample group (Cup-
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and Fork-MNPs). Gene sets with FDR g-value < 0.05 and |[NES| > 1.5 were considered
significantly enriched.

The resulting Reactome pathways were plotted in Cytoscape (v3.10.3) using Enrich-
mentMap (v3.5) to visualize related pathways [250]. For each comparison, gene sets with
FDR g-value < 0.05 were imported and represented as nodes, with node size proportional
to gene set size and node color reflecting the normalized enrichment score (NES; red color
indicating enrichment in the first-named group, blue color indicating enrichment in the
second-named group). Edges were drawn between gene sets sharing significant gene overlap,

using a Jaccard similarity coefficient cutoff of 0.375 for visualization.

3.4 Results and Discussion

3.4.1 Physicochemical Properties of MNPs

The material characteristics of the MNPs exposed to human microglial cells (HMC3)
are discussed in detail in the preceding chapter. Briefly, the real-world samples Cup-MNPs
and Fork-MNPs are composed mostly of polystyrene (PS) as indicated by Fourier-transform
infrared (FTIR) spectrographs, suggesting that the differences observed between samples can
be attributed to various other physicochemical properties. The bulk sizes of Cup- and Fork-
MNPs were identified by SEM to be 41.3 4= 27.4 pm and 40.5 4= 25.2 pm, respectively. Particle
size analysis by this methodology revealed that 85% of measured Cup-MNPs and 73% of
measured Fork-MNPs fell within the 10-50 pm size range, matching the sizes of fragments
found to form from cups and tableware [74, 73]. Apart from the size, the morphology was also
assessed through SEM and found both samples to be comprised of fragment morphologies,
which align with those found in the brain [92]. Additionally, Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) revealed that samples were free of contamination
of lead, zinc, cadmium, copper, chromium, nickel, barium, or silver in any plastic sample,

common metals found in plastic samples.
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Nano-sized fragments of the real-world plastic solutions were detected through Dynamic
Light Scattering (DLS) after filtration through 0.45 pm syringe filters. Fork-derived samples
presented far smaller fragments relative to Cup-derived particles, with bimodal peaks at both
8.86 + 2.57 nm and 56.03 + 27.85 nm, while Cup-derived samples displayed peaks at 20.05
+ 11.66 nm and 117.03 4= 40.59 nm. Thus, both real-world samples contain particles smaller
than those in the PS-50 sample, which reportedly range from 50 - 100 nm. The zeta potential
of all MNPs in complete cell media was found to be slightly negative for each MNP sample,
indicating the successful formation of biocoronas around each sample [137]. Biocoronas, or
"crowns” of biomolecules surrounding the MNPs, allow for more representative modeling
of the plastics found in the bloodstream, which adsorb proteins, lipids, and other molecules
from circulation. Moreover, the formation of the biocorona disrupts the aggregation of MNPs
in the cellular environment and directly influences their cell uptake and cell fate. Studies
have been shown that NPs presenting a biocorona rich in cholesterol are more prone to cross
the blood-brain barrier (BBB) by lowering the thermodynamic barriers necessary to reach

the brain [123, 154].

3.4.2 Variance of Transcriptomic Data Reveals Distinct Biological Responses

to Pristine PS-50 and Real-World MNPs

The transcriptomic profiles of HMC3 cells exposed to 0.1 pg/mL Cup-MNPs, Fork-
MNPs, and PS-50 NPs (n=3) generated 233,708,802 paired-end reads (Figure B.2a) with an
average Phred-33 quality score (Q) of 39.7 across all samples (Figure B.1). Poor quality-
scored and short reads were trimmed, leaving 202,378,748 paired-end reads to be mapped to
the reference genome. Of the 62,700 analyzed genes, 38,405 (61.3%) had at least one read
mapped across all samples, while the remaining 24,295 (38.7%) genes showed no detectable

expression.
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For additional noise reduction in downstream processing, genes with a combined count
of less than 50 reads across all samples were discarded from consideration. After variance-
stabilizing transformations were applied for normalization before initial data visualization
was performed. Dispersion estimations displayed an expected inverse relationship between
gene dispersion and mean, normalized counts, with final shrunken estimates primarily local-
ized along the fitted trend (Figure 3.2a). Principal component analysis (PCA) revealed that
PC1 and PC2 accounted for 22% and 16% of total variance, respectively, however there was
a distinct lack of intra-sample clustering amongst the axes (Figure 3.2b). While PS-50 sam-
ples demonstrated relatively tight clustering, Cup- and Fork-MNPs exhibited greater extents
of dispersion, suggesting biological heterogeneity in gene-expression response to real-world
MNP exposures.

This may be partially attributable to the vast heterogeneity exhibited by the real-
world MNP samples. Unlike the pristine PS-50 NPs, manufactured under tolerances and
rigorously quality controlled to produce a monodisperse and homogeneous population of
particles, MNPs derived from consumer goods display highly polydisperse physicochemical
characteristics, particularly size and surface area [165, 251]. Polydispersity can provide chal-
lenges across MNP studies for exposure and treatment reproducibility as the physicochemical
characteristics of one exposure may not precisely match that of another group [146, 252].
Dosimetry by mass-concentration alone is a recognized limitation in MNP toxicology, as
particle number and specific surface area (SSA) are understood to greatly impact biological
response [95, 181, 238, 253]. The tighter clustering of PS-50 replicates is consistent with
this interpretation, as the monodispersity of pristine PS-NPs would be expected to exhibit
higher reproducibility in biological responses.

Despite the observed heterogeneity between samples, the analysis was determined to be
a viable understanding of the impacts of MNPs on the human brain as HMC3 remain one of
the most widely used microglial models in neuro-toxicological research [254]. Additionally,

DESeq2’s empirical Bayes dispersion modeling is robust to moderate biological variability

97



—_
D
-

(b)

1 g . H Treatment

® Cup-MNPs.
L] @® Fork-MNPs

[ ] ® PS50

variance

dispersion

PC2: 16%

® gene-est
o fitted

 final

1e-08 1e-06 1e-04 1e-02 1e+00

T T T T T T °
4L, i
1e+01 1e+02 1e+03 1e+04 1e+05 1e+06

] H
PC1: 22% variance

mean of normalized counts

(c) Sample-to-Sample Distance Matrix

MP_Fork_1 20
MP_Cups_3

15
MP_Fork_2

MP_Cups_1 10
MP_Cups 2 Ml 5
MP_PS_50_1

0

MP_PS_50_3
MP_Fork_3

MP_PS_50_2

[T E ]
€7sdn0 d
T o4 dn
17sdnd"dIn
27sdnD"d
170s7Sd dn
€7057Sd d
PREER)
27057sd dn

Figure 3.2: Transcriptional Trends Amongst Human Microglia Exposed to Pristine and Real-
World MNPs. (a) Per-gene dispersion estimates (black) were plotted against mean normal-
ized counts and fit to a parametric trend (red) using DESeq2’s empirical 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 com-
ponent 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
combination (n=3) from VST counts.

as evidenced by the well-fitted dispersion estimates observed across all treatment groups
[255, 256].

To further analyze the variation amongst replicates, a sample-to-sample distance ma-
trix was analyzed, revealing that the samples did not segregate cleanly by treatment group
(Figure 3.2c). The third Fork-MNP sample (MP_Fork_3) was found to cluster more sim-
ilarly to the PS-50 replicates than to the other Fork-MNP replicates, indicating a closer
transcriptional profile to HMC3 exposed to PS-50 than to either real-world MNP sample.

This sample was retained in the analysis, but cautiously analyzed downstream for potential
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deviations. For the remained of the real-world samples, there were slight variations in the
clustering, with Cup- and Fork-MNP samples being shown to cluster together, yet this could

be expected given the similar molecular responses shown in HMC3 exposed to 0.1 pg/mlL.

3.4.3 Global Gene Expression Changes in Microglia Following Exposure to Pris-
tine NPs and Real-World MNPs

To further identify genes exhibiting significant expression variation across treatments,
a one-way analysis of variance (ANOVA) was applied to variance stabilized transformation
(VST)-normalized expression values, and corrected by the BH procedure. The top 500 most
significant DEGs were selected and visualized through Z-score heatmap. Hierarchical cluster-
ing revealed consistent responses among samples, with two dominant gene clusters observed:
a larger cluster characterized by strong upregulation in PS-50 samples with moderate down-
regulation in both real-world MNP samples, and a smaller cluster presenting genes strongly
downregulated in PS-50 samples while moderately upregulated across real-world MNP sam-
ples (Figure 3.3a). Notably, pristine PS-50 NPs were shown to elicit vastly different responses
compared to real-world Cup- and Fork-MNP samples, suggesting that physicochemical dif-
ferences between samples, such as size, morphology, surface area, which are correlated to cell
uptake and intracellular fate, activates fundamentally distinct transcriptional responses.

The divergent transcriptional profiles between PS-50 NPs and real-world MNPs may
be attributed to the size-dependent differences in cellular uptake. The PS-50 NPs, with an
average diameter of 75 nm, are at a sizes associated with preferentially clathrin-mediated
endocytosis, where 80 nm fragments are found to be optimally internalized [257]. In contrast,
while the heterogeneous Cup- and Fork-MNPs contain fragments around this size (Cup-
MNPS: 20.05 nm + 11.66 nm and 117.03 nm + 40.59 nm; Fork-MNPs: 8.86 nm + 2.57 nm
and 56.03 nm £ 27.85 nm), there is likely a substantial fraction in the optimal phagocytic
range of 500 nm to 3 pm [258]. This process involves cytoskeletal-driven uptake of particles

rather than protein (clathrin or caveolin)-driven uptaken, which can extent to particles
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sized around 10 - 15 pm, though to a lesser extent. Critically, for a mass-concentration
dosage, smaller nanoscale particles present an exponentially great number of particles with an
equivocally higher SSA, increasing the frequency of membrane engagement and uptake events
per cell. In HMC3, this allows for a greater magnitude of ROS production and downstream
transcriptional activation for nanoplastic-exposed cells, consistent with the distinct gene

cluster observed exclusively in PS-50-treated samples.
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Figure 3.3: Heatmap Presenting Global Transcriptomics Changes in HMC3 Cells Follow-
ing Exposure to Different MNPs after 72 Hours. Each row represents one gene and Each
column corresponds to one sample. (a) Hierarchical complete linkage clustering of the top
500 ANOVA significant genes across all samples. (b) The same 500 significant genes with-
out 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 scaling was applied to each gene independently, normalizing ex-
pression relative to that gene’s mean and standard deviation across all samples to enable
direct visual comparison of relative expression patterns between treatment groups. Color
scale represents Z-score magnitude, with red indicating relative upregulation and blue indi-
cating relative downregulation. n = 3 replicates per treatment condition.

To assess whether statistical strength was implicated with a particular treatment, the

same top 500 ANOVA-significant genes were plotted without hierarchical clustering. Instead,
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genes are ranked from most to least significant by BH-adjusted p-value (false discovery
rate; FDR) (Figure 3.3b). No clear directional gradient was observed, implying ANOVA
significance was driven by magnitude of variance over uniform directional effects.

In both clustered and significance-ordered heatmaps, it is observed that the third Fork-
MNP replicate (Fork-MNPs 3) displayed low Z-score magnitudes relative to its replicates,
as well as each sample group. Fork-MNPs 3 appears as a near-white column in Figure
3.3, whereas the other replicates show higher-magnitude changes. This suggests the sample
may represent a transcriptionally muted profile, aligning with what was seen in the sample-
distance matrix and PCA.

The protein products of these genes were assessed through a STRING Database (StringDB)
network to investigate functional relationships (Figure 3.4). Network construction was per-
formed on the highest interaction score (0.9) to validate the close interactions, finding 27 clus-
ters of proteins through evidenced connections. The largest network by far related to tRNA
aminoacylation and aminoacyl-tRNA biosynthesis (Red), which contains 11 aminoacyl-tRNA
synthetase (ARS) genes (AARSI, EPRS1, GARS1, IARS1, LARS1, MARS1, NARSI,
NARS?2, SARS1, TARS1, WARS!) and 7 endoplasmic reticulum (ER)-stress/unfolded pro-
tein response (UPR) genes (DDITS3, XBP1, ATF2, BCL2, APAF1, PMAIP1, ITPR1). Of
these 40 genes, 36 were found to be associated with upregulation in PS-50 NP-exposed cells,
with every ARS and ER-stress/UPR gene belonging to this category. This cluster’s uni-
lateral PS-50 enrichment suggests these plastics activate integrated stress response (ISR)
pathways [259]. Interestingly, increased expression of ARS’s has been found to reduce pe-
ripheral neuropathy and protein synthesis defects in mouse models, suggesting a possible
therapuetic signaling pathway that is otherwise absent in real-world MNPs [260].

One of the second largest groups, consisting of 7 proteins (PAPOLG, FIP1L1, CDC5L,
PLRG1, CRNKL1, CW(C25, U2AF2), was found to be associated with the U2-type spliceo-
somal complex. Similarly, 5 of these genes were found to be upregulated in PS-50 NP-

exposed HMC3. These spliceosomal stress-related genes are a likely artifact of downstream
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Figure 3.4: STRING Protein-Protein Interaction Network of The Top 500 DEG (One-way
ANOVA). The protein products of the DEGs genes were visualized by evidenced inter-
actions 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 interactions - 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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ISR impacts, with the pathway being shown to disrupt spliceosomal function through elF2«
phosphorylation-dependent mechanisms [261]. Two of these largest networks observed are
shown to be PS-50 driven, mirroring the larger proportion of the ANOVA-significant genes
shown to be upregulated in PS-50 NP-exposed cells. The higher degree of networking among
these genes additionally implies a unified, reproducible stress response in PS-50-exposed
HMC3 cells, which may reflect the homogeneity of monodisperse PS-50 particles driving

consistent, reproducible effects across replicates.

3.4.4 DEG Analyses Suggest That Particle Physicochemical Features Dictate

Transcriptomic Changes in Microglia

In order to observe changes in gene expression between HMC3 exposed to 0.1 pg/mL
of different MNPs, pairwise comparisons across samples were performed using DESeq2 to
identify differentially expressed genes (DEGs)(Figure 3.5).

In Cup-MNPs and PS-50 NPs, 1,288 DEGs were identified with 804 upregulated in
PS-50-treated cells against 484 upregulated in Cup-MNP-treated cells (Figure 3.5a). When
comparing cells treated with Fork-MNPs against PS-50 NPs, 694 DEGs were identified with
458 upregulated in Fork-MNP samples and 236 upregulated in PS-50 samples. When both
real-world MNP sample exposures were compared against each other, only 9 DEGs were
found, with 7 upregulated in Fork-MNP samples and 2 upregulated in Cup-MNP samples
(Figure 3.5b & c). These changes closely reflect what was observed in the cellular responses
of HMC3 exposed to these same MNP samples at identical concentrations, where both real-
world samples displayed similar biological responses and contrasted the elevated responses
of PS-50 NP exposure compared to unexposed cells.

Overlapping DEGs across samples were identified to assess treatment similarities (Fig-
ure 3.5b & ¢). To determine the extent of transcriptional overlap, DEGs shared between
each pairwise treatment comparison were cataloged, revealing convergent and divergent gene

expression patterns. Both Cup- and Fork-MNPs upregulated 181 shared genes relative to
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Figure 3.5: 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 differential gene-expression changes between
Significant DEGs that overlap between treatments are

real-world and pristine samples.

visualized in (b) Venn diagrams and (¢) 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 upregulated in PS-50-exposed cells against real-world samples.
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HMC3 cells exposed to PS-50 NPs, suggesting that heterogeneous real-world MNPs activate
overlapping biological responses distinct from those induced in pristine models. Interest-
ingly, PS-50 treatments shared a greater number of DEGs against both real-world samples
combined, totaling 367. This could indicate that while PS-50 drives a larger transcrip-
tional response, a substantial portion of that response is absent in environmentally rele-
vant particles. These overlapping gene sets likely reflect conserved cellular mechanisms that
are triggered regardless of particle morphology, while the divergent DEGs may relate to

morphology-dependent uptake and downstream recovery.

3.4.5 Gene Set Enrichment Analysis Identifies Shared Responses in Microglia
Exposed to Real-World MNPs

To identify biological pathways correlated with the DEGs found in the pairwise com-
parisons, Gene Set Enrichment Analysis (GSEA) was performed on VST-normalized data
from DESeq2. From GSEA, 17,997 genes were analyzed, with 1065 gene sets remaining after
gene set filtration. Four comparisons were performed: Cup-MNPs vs. PS-50, Fork-MNPs
vs. PS-50, Cup-MNPs vs. Fork-MNPs, and PS-50 vs. both Cup- and Fork-MNPs. Gene
sets with FDR g-value < 0.05 and absolute normalized enrichment scores (NES) > 1.5 were

considered significantly enriched.

Cup-MNPs vs. PS-50

Considering HMC3 treated with Cup-MNPs against PS-50 NPs, 26 Reactome pathways
were found to be enriched, with 19 enriched in Cup-MNP samples while 7 were enriched in
PS-50 samples (Figure 3.6a). Cup-MNP samples showed much greater networking among the
enriched pathways, specifically in pathways related to extracellular matrix (ECM) structure.
Namely, the collagen chain trimerization pathway (NES 2.56; FDR q < 0.001), assembly
of collagen fibril pathway (NES 2.50; FDR g < 0.001), and the collagen biosynthesis and

modifying enzyme pathway (NES 2.44; FDR q < 0.001) exhibited some of the strongest
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Figure 3.6: Gene Set Enrichment Analysis Pathway Networks Between Each Real-World
and Pristine MNP Sample. Enrichment maps depicting significantly enriched Reactome
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 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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enrichment, suggesting microglia exposed to Cup-MNPs may show dysregulated extracellular
matrices relative to cells exposed to pristine PS-NPs (Figure 3.7). These impacts were
driven largely by leading-edge genes responsible for the construction of collagen molecules -
COL7A1, COL1A1, COL1A2, COL18A1, and COL9AS3 -comprise the first five leading-edge

genes of the named enriched pathways.
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Figure 3.7: 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.

The collagen trimerization pathway is a conserved, intracellular process with specific
regulatory control. Within the ER and Golgi, procollagen a-chains assemble into a triple
helix before translocation into the ECM, where they are able to assemble larger fibrils
(262, 263]. While this pathway may be typically associated with fibroblasts, macrophages
are capable of directly synthesizing and depositing collagen in their microenvironment, pri-
marily during the M2-polarization (alternatively activated macrophages) during repairs or

immunosuppression[264]. This ECM component can help regulate and influence activation
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of neighboring cells, where increased collagen density has been shown to elicit immuno-
suppressive phenotypes in RAW 264.7 macrophages [265]. This increased collagen density is
consistent with ECM compositions often observed in tumor microenvironment, where cancer-
associated fibroblasts and other tumor-associated cells promote tumor growth through high-
collagen ECMs [266, 267]. Upregulation of this pathway in macrophages can be often signaled
through TGF-£1 secretion by activated microglia [268]. In vivo, activated microglia secrete
TGF-£1, which promotes collagen deposition along with fibroblasts and further amplifies
local ECM accumulation. In pathological contexts, SPP14+ macrophages co-operate with
resident fibroblasts to drive a collagen-dense, immunosuppressive microenvironment that
actively favors tumor progression [269].

Each ” COL” gene encodes for a pro-a collagen chain, the primary building block of the
overall collagen structure. Three pro-a chains form a right-handed coil as a triple helix to
form procollagen, which is further processed into mature tropocollagen and self-assembles
into cross-linked fibrils via lysyl oxidase-mediated covalent bonding [262, 270]. Macrophages
cultured in witro attach through fibronectin matrices, forming the base layer of what will
become the ECM [271, 272]. Layers of collagen then form atop this fibronectin scaffold,
with the fibronectin matrix providing structural support for collagen I fibril structures [273].
This hierarchical assembly is not merely structural but is tightly regulated by cell-matrix
signaling pathways. In particular, integrin-mediated interactions with the ECM activate
mechanotransduction cascades that influence matrix remodeling.

Integrin mechanotransduction is mediated through the yes-associated protein (YAP)
pathway, which regulates collagen gene expression along with various inflammatory responses
[274, 275]. On stiff substrates, reduced Hippo pathway activity allows for the accumulation
of YAP in the nucleus, which drives expression of TEAD target genes (CTGF, TGF-f1)
that indirectly promote ” COL” gene upregulation [275, 276].

The introduction of larger MPs in cell culture, such as the 40 pm particles observed

in Cup-MNP samples, may mechanically disrupt substrate rigidity [277]. Bulk PS presents
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a stiffness of approximately 3 GPa, while brain ECM, one of the softest tissues in the hu-
man body, presents a stiffness of about 1 kPa [278, 279]. The addition of these plastics in
culture substrates may effectively stiffen the local microenvironment, leading to the afore-
mentioned collagen cascade. Increased ECM stiffness is often observed in cancers, with
studies suggesting that the stiffening of the ECM can actually directly promote a favorable
tumor microenvironment [266]. In the tumor microenvironment, it increased ECM stiffness
is often reported to be approximately 45 kPa, which can induce a feedback loop. Notably,
this pathological stiffening is driven primarily by hyaluronic acid and proteoglycan accumu-
lation in brain tissue rather than Collagen I, which serves as the dominant stiffening agent
in peripheral tissues where macrophage-driven fibrosis predominates [266]. However, these
findings still suggest that MNP-induced disruptions of the microenvironment of HMC3 may
engage pro-tumorigeneic behaviors through increased fibrotic activity.

Many studies have shown that substrate stiffness can greatly alter particle uptake, with
some even showing size-dependent kinetics [280, 281]. On softer substrates, particle uptake
has been shown to increase by six-fold, with macrophages displaying a two-fold increase
relative to stiffer substrates [281]. This regulation of endocytosis is mediated through YAP
signaling, where increased substrate stiffness reduces focal adhesion and suppresses endocytic
capacity. Consequently, if MNP presence in cell’s microenvironment is able to stiffen the
substrate, a suppression of further MNP uptake may emerge as a feedback mechanism. This
suppression disproportionately affects larger particles, with substrate stiffness-dependent
uptake shown to decrease with increasing particle size. This aligns with the reduced cellular
homeostatic disruptions observed with real-world MNPs compared to pristine nanoplastics
as well as the hypothesized increase in internalization of PS-50 NPs through endocytosis.

In HMC3 cells exposed to PS-50 NPs, fewer pathways were shown to be enriched
compared to Cup-derived MNPs treatment, with a lesser extent of connectivity between

the pathways (Figure 3.6a). The Reactome pathways involving tRNA aminoacylation, ER
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stress, mitotic spindle checkpoints, and sister chromatid cohesion were all shown to be up-
regulated by PS-50 NPs, suggesting proteomic stress, genomic instability, and translational
dysregulation. The top two enriched pathways, cytosolic tRNA aminoacylation (NES 2.49;
FDR q < 0.001) and tRNA aminoacylation (NES 2.41; FDR q < 0.001), identified leading
edge genes associated with aminoacyl-tRNA synthetases (ARSs) (Figure 3.8). The ARSs
MARS1, SARS1, FARSB, CARS1, LARS1, EPRS1, YARS1, AARS1, WARSI1, TARS1I,
IARS1, NARS1, and GARS1 were all shown as leading edge genes, which encode for the
majority of enzymes responsible for charging tRNA molecules with their associated amino

acids during translation [282].
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Figure 3.8: Gene Set Enrichment Analysis of the Top Two Enriched Reactome Pathways
in PS-50-Treated HMC3 Relative to Cup-MNPs. Enrichment plots for (a) Cytosolic tRNA
Aminoacylation and (b) tRNA Aminoacylation are shown along with specific gene enrich-
ment 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.

Previous studies have shown that organisms (mice, zebrafish, and swordtail fish) ex-
posed to pristine PS-MNPs presented increased aminoacyl-tRNA biosynthesis and amino
acid production [283, 284, 285]. These mechanisms are often interpreted as a compensation

to proteostatic stress, consistent with the enrichment of ER stress pathways [286]. Under
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ER stress conditions, activation of the PERK-elF2a-ATF4 axis pathway boosts ARS and
amino acid transporters for anabolic recovery [287]. This is further supported by the en-
riched ATF4-mediated ER stress response and PERk regulation pathways in microglial cells
exposed to pristine PS-NPs. Pristine MNP-induced ER stress is commonly reported in both
i vivo and in vitro contexts, with mice lungs and primary epithelial goat cells showing the
activation of the same pathways in response to ER stress [288, 289]. Interestingly, these pre-
vious findings have all been conducted with both MPs and NPs, suggesting that ER stress
and the resulting PERK-elF2a-ATF4 axis pathway activation independent of size.

A benchmark study investigating the relation between ARS upregulation and tumori-
genesis found similar enrichment of ARS mRNA expression in 8 out of 10 cancers examined
[290]. Specifically, MARS, encoding for methionyl-tRNA synthetase, was found to be over-
expressed in various gliomas and glioblastomas. This gene was identified as a leading edge
gene in macrophages exposed to PS-50. Further studies have identified AIMP1, WARS,
and other ARSs to be associated with glioblastomas, further suggesting the exposure of
HMC3 to pristine PS-NPs may lead to tumorigenesis [291]. These claims can be further
supported through the observed enrichment of Mitotic Spindle Pathway and Resolution of
Sister Chromatid Cohesion pathways. Leading edge genes from these pathways, includ-
ing CDK1, SKA1/2, and CLASP2, are responsible for proliferative regulation and often
observed upregulated in cancers, suggesting their overexpression may contribute to dysregu-
lated mitotic progression and increased proliferative capacity [292, 293, 294]. Specifically, the
overexpression of CDK1, a master regulator of the Go/M transition, has been broadly doc-
umented across multiple cancer types including glioma, where its upregulation is associated
with premature mitotic entry, suppression of apoptotic signaling, and even mitochondrial
fission[292, 295]. Mitochondrial fission producing smaller mitochondria fragments often re-
sults in reduced mitochondrial respiration, decreased mitochondria membrane potential, and

impaired oxidative phosphorylation. These mitochondrial changes were observed previously

when HMC3 cells were treated with low doses of PS-NPs.
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Similarly, increased SKA1/2 expression has been reported in various cancers, promoting
cell cycle progression and suppressing apoptosis [293, 296]. These studies have also found
that SKA1 worsens glioblastoma prognosis and can promote malignancy, further supporting
the claims. Many of these pathways are found upregulated in cells presenting nanoparticle-
induced stress,and were seen to be elevated significantly in cells exposed to higher dose of
PS-50 (Figure 2.4a) [297, 298, 299]. However, the viability of HMC3 exposed to 0.1 pg/mL
PS-50 after 24, 48, and 72 hours did not show a significant increase relative to unexposed
cells, nor was the viability higher than any real-world MNP sample (Figure 2.3a). This may
be due to consistent viability despite increased proliferation, which was not evaluated in the

present work.

Fork-MNPs vs. PS-50

When considering HMC3 treated with Fork-MNPs against the cells treated with PS-50
NPs, 12 Reactome pathways were found to be enriched, with an even split between path-
ways enriched in each sample (Figure 3.6b). Similar to the previous analysis, the Fork-MNP
pathways showed a higher degree of connection between the enriched pathways, with all 6
pathways showing at least 3 connections between them. Each of these pathways directly
tied to the Collagen Formation pathway (NES 2.25; FDR q < 0.001), which was also seen
enriched in Cup-MNP samples compared to PS-50 (NES 2.41; FDR ¢ < 0.001). For both of
real-world sample’s comparison against PS-50, the top five enriched pathways remained the
same: Collagen Chain Trimerization, Assembly of Collagen Fibrils and Multimeric Struc-
tures, Collagen Biosynthesis and Modifying Enzymes, Collagen Formation, and Collagen
Degradation were all seen significantly enriched in order of lowest to highest FDR g-value.

Although not significant by this study’s criteria, one notable enriched pathway induced
by Fork-MNPs exposure compared to PS-50 exposure was the Interleukin 10 (IL-10) Signaling
(NES 1.72, FDR q = 0.142) (Figure 3.9a). This pathway, which was noticeably not enriched

in Cup-MNPs compared against PS-50, serves as an anti-inflammatory signal with particular
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mechanotransduction relevance in microglia. The YAP and associated Hippo pathway has
been shown to regulate IL-10 secretion in HMC3 through the nuclear translocation of the
protein [276, 300]. A recent study has shown that in HMC3, the growth substrate has direct
impacts on the secretion of IL-10, with stiffer substrates eliciting significantly greater 1L-10
release from YAP nuclear localization when compared to the same cells grown on softer
substrates [301]. This regulation was found to be dependent on actin polymerization, with
inhibited F-actin assembly showing significantly reduced YAP nuclear localization and IL-10
secretion. This study also elucidates how stiffer matrices may increase microglial prolifer-
ation, as decreased LATS1/2 kinase activity limits YAP phosphorylation, providing higher
nuclear translocation and increased IL-10 secretion while decreasing IL-6 [302]. Despite this,
Fork-MNPs were shown to elicit elevated IL-6 concentrations at 10 pg/mL, suggesting an
alternative pathway of activation for the cytokine. This upregulation likely reflects a paral-
lel, dose-dependent NF-xB-mediated innate immune response to the Fork-MNPs operating

independently of YAP.

Fork-MNPs vs. Cup-MNPs

When comparing Fork-MNP against Cup-MNP samples, the only significantly enriched
pathway among either group was the same IL-10 Secretion pathway (Figure 3.10a). With
strong enrichment in Fork-MNPs (NES 2.20; FDR q = 0.008), these results suggest that
the physicochemical properties of Fork-MNPs directly influence the anti-inflammatory cy-
tokine’s release. The IL-10 Secretion pathway contain shows IL10RA to be a leading edge
gene in Fork-MNPs against Cup-MNPs, suggesting an increased capacity to respond to IL-10
(Figure 3.9b). Additionally, JAK1 and STATS are shown to be moderately enriched in the
same comparison, suggesting that relative to Cup-MNPs, Fork-MNPs are consistent with the
active IL-10 signaling axis. Both of these genes are direct downstream transducers of 1L-10
signaling, with JAK1 associating constitutively with ILI0RA and undergoing phosphoryla-

tion upon IL-10 binding. Subsequently, this protein phosphorylates STAT3, which dimerizes
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and translocates to the nucleus to drive anti-inflammatory transcriptional programs includ-

ing SOCS3-mediated suppression of pro-inflammatory cytokine production [303, 304].
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Figure 3.9: 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 enrichment 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 treatment 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.

Perhaps paradoxically, interleukin 6 (/L-6) was shown to be a leading edge gene in
both conditions, suggesting that the anti-inflammatory IL-10 pathway seeks to dampen the
inflammation being produced by the MNPs (Figure 3.9). However, IL-6 is an established up-
stream inducer of IL-10 transcription through STAT3 activation and subsequent binding to
the 1L-10 promoter, forming a negative feedback loop wherein inflammatory stimulus drives
its own counter-regulation [305, 306]. This pattern is consistent with an acute inflammatory
resolution phenotype, where pro-inflammatory signaling (IL-6, CXCL1, CXCL2, CCL2) and

its IL-10-mediated counter-regulatory response are concurrent rather than exclusive [307].
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Figure 3.10: 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.

Taken together, these findings suggest that Fork-MNPs elicit a more pronounced inflamma-
tory response relative to Cup-MNPs, which in turn activates a stronger compensatory 1L-10
at 0.1 pg/mL signaling response, potentially reflecting differences in physicochemical proper-
ties. This is further supported by the increased inflammation caused by Fork-MNP samples
at higher concentrations (10 pg/mL), where IL-6 and IL-8 presented increased quantification
relative to unexposed and PS-50-exposed HMC3 (Figure 2.9a).

Fork-derived MNPs presented nanoscale particles smaller than PS-50 or Cup-derived
ones (8.86 £ 2.57 nm) as well as larger MPs (100 to 160 pm) compared to Cup-MNPs

(Figure 2.2¢). One study showed elevated IL-10 secretion in mice exposed to real-world MPs
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derived from PP and PE cutting boards (10.4 pm and 27.4 yum, respectively), furthering the
hypothesis that these larger, representative MPs may induce anti-inflammatory signaling
[308]. Another study utilizing PS MPs (3.0 £ 0.5 pm) and NPs (74.28 4+ 0.26 nm) exposed
to mice macrophages found IL-10 to be heightened in the MP samples relative to NP samples
across a range of concentrations while simultaneously displaying significantly lowered 1L-6
[309]. Validated through these studies, the impact of larger plastics seems to invoke an anti-
inflammatory effect at lower concentrations despite an increase of IL-6 and IL-8 at higher
concentrations (Figure 2.9). One possible explanation for this phenomenon could relate to
the heterogeneity of the particles, where real-world MNP samples contain both micro- and
nano-sized fragments.

In the brain, microglia are the primary players in IL-10 production and signaling, with
anti-inflammatory ”M2” microglia secreting the cytokine to reduce inflammation [310, 311,
312]. This observed increase could support the adaptive immune response observed in cells
exposed to Fork-MNPs at a low dose. Given the nonsignificant elevation in ROS and IL-6
secretion in HMC3 at 0.1 pg/mL in Fork-MNPs, a compensatory elevated IL-10 secretion

could support the cell’s ability to adapt.

PS-50 vs. Fork- and Cup-Derived MNPs

Upon the analysis of PS-50 against both real-world samples combined, many of the same
pathways were shown to be strongly enriched (Figure 3.10b). In real-world samples, Col-
lagen Chain Trimerization (NES 2.59; FDR q < 0.001) and associated pathways remained
significantly enriched, while PS-50 maintained Cytosolic tRNA Aminoacylation (NES 2.46;
FDR ¢ < 0.001) as its strongest enriched pathway. Pristine PS-NPs such as these have been
shown to directly disrupt aminoacyl-tRNA and amino acid biosynthesis in mice, most likely
due to their enhanced ability for internalization (nanosize) [313]. Enhanced internalization
and the much higher SSA of these nanoparticles would also directly bring more proteins

into the cells, as the biocorona formed through FBS incubation is believed to be comprised
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primarily of albumin protein. This internalization is further amplified by the biocorona it-
self, as albumin and other adsorbed serum proteins may present receptor-binding domains
[314, 315]. Once internalized, these proteins in the biocorona are degraded in lysosomes
through ATP-mediated proteolysis pathways, where the elevated amino acid concentrations
could represent the need for increased ARS activity [316]. This process has been directly
demonstrated in cancer cells, where the nanoparticle-associated protein corona is degraded
within lysosomes, and the resulting amino acid byproducts are actively recycled into macro-
molecule biosynthesis [317]. The aminoacylation charging, an energy-driven reaction requir-
ing ATP, could explain the loss of ATP in HMC3 exposed to PS-50 if this trend holds true
at higher concentrations (Figure 2.6b).

The results seen in PS-50 NP-exposed HMC3 cells have been found in other models
exposed to non-plastic nanoparticles as well. Silver (AgNPs), gold (AuNPs), and zinc-oxide
(ZnONPs) nanoparticles have been repeatedly reproted to induce ER-stress and activate
UPR pathways across both in vitro and in vivo models. AgNPs (0.2 - 5 ym; 5 pg/mL)
exposed to human retinal cells for 18 hours were shown to activate hallmark genes in the
PERK-elF2a-ATF4 pathway, including the direct phosphorylation of PERK [318]. This
same phosphorylation of PERK was observed with ZnONPs (150 nm) exposed to human
umbilical vein endothelial cells (HUVECs) at noncytoxic concentrations (240 pM) after just
4 hours, with Chinese hamster ovary (CHO) cells showing similar results after 8 hours [319].
HUVECsS exposed to the same ZnONP dose also showed upregulated DDITS3 expression after
8 hours. AuNPs presenting both sphere- and rod-morphologies exposed to isolated human
polymorphonuclear leukocytes (PMNs) were another group showed to induce UPR pathway
activation [320]. After just 5 minutes of exposure to rods (24 x 6 nm) at a concentration
of 5,000 AuNPs/PMN (=x15.7 nM), XBP1s were already spliced and translocated to the
nucleus, with subsequent upregulation of the oxidative protein folding mediators ErolL and
PDI by 30 min, and full BiP induction confirmed at 60 min. This indicates the ER-stress

as an early response to the particles, suggesting that nanoparticle-induced ER-stress and
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UPR pathway regulation may represent a conserved, material-agnostic cellular response to

particle internalization.

3.4.6 Biologically Relevant DEGs Reinforce Enriched ECM and ER-Stress Path-

ways

While gene-expression pathways and heatmap visualization of genes can display global,
it can lack the statistical power and interpretation of differential expression on a per-gene
basis. To address this, volcano plots were constructed for each pairwise comparison. Al-
though DEGs were initially identified with DESeq2 and a BH-adjusted p-value, genes with a
meaningful change in expression level are much more prevalent to be considered. Thus, genes
were considered ”biologically relevant DEGs” if the absolute fold change (FC) exceeded 1.5
(|log, FC| > 0.585) with a BH-adjusted p-value < 0.05, a commonly used threshold to enrich
for genes with statistical and impactful biological expression. Stricter cutoff values provided
insufficient genes for analysis.

Distinct differences in the number and directionality of DEGs were observed across
pairwise comparisons (Figure 3.11). When compared against HMC3 exposed to PS-50 NPs,
Cup-MNPs showed the greatest number of biologically relevant DEGs, with 18 upregulated
and 12 downregulated in the Cup-MNP samples (Figure 3.11a). The Fork-MNP against PS-
50 comparison produced 9 upregulated and 4 downregulated DEGs in Fork-MNPs relative to
PS-50 (Figure 3.11b). In both real-world MNP samples versus pristine PS-50 exposure com-
parisons, the majority of DEGs were upregulated in the MNP treatment groups, suggesting
that real-world MNPs elicit a stronger activation transcriptional response relative to PS-50
in HMC3 cells. The Cup-MNPs against Fork-MNPs comparison yielded the fewest DEGs
with only 8 total — 2 upregulated and 6 downregulated in Cup-MNPs relative to Fork-MNPs
(Figure 3.11c). This data indicates that, despite originating from distinct source materials,

the two real-world MNP preparations drive broadly similar transcriptional responses, with
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Figure 3.11: 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 (¢) Cup-MNPs vs. Fork-
MNPs. Each point represents a single gene, plotted by logsfold-change against negative logyq
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.

only modest differences in gene expression between them. With both of these samples com-

prised of PS with similar size and morphology profiles, this highly similar cellular responses
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further highlights the role of the physicochemical properties in plastics exposed to biological
systems.

The pristine PS-50 NP exposure produced a significant number of DEGs with identifiable
biological relevance in HMC3 cells compared to Cup-MNP exposure. The pro-inflammatory
cytokine gene CXCLS8, encoding for interleukin-8 (IL-8), was shown to be significantly up-
regulated in PS-50 NP-exposed HMC3 (FC 1.79; p-adj = 0.03). The IL-8 secretion was
significant in HMC3 exposed to PS-50 NPs at 10 pg/mL, suggesting that the impact is ob-
served primarily at the transcript level compared protein level (Figure 2.9b). Additional
neuroinflammation-associated genes found upregulated by PS-50 exposure include FGRI
(FC 1.72; p-adj = 2.05E-20) and PTX3 (FC 1.58, p-adj = 1.05E-13), which are shown to
play roles in Parkinson’s and other neurodegenerative diseases [321, 322]. Moreover, several
DEGs were shown to be directly relate to ER stress and ATF4-driven pathways, such as
DDIT3 (FC 1.60; p-adj = 2.21E-07) and TRIBS (FC 1.56; p-adj 4.22E-17). Upregulation
of DDIT3 and related genes have been shown to be upregulated in rainbow trout exposed
to PS-NPs in wvivo [323]. The observed ER-stress signatures in PS-MNP studies suggest
the pathway to be particularly susceptible to plastic-induced biological responses, similar to
what it is observed to other types on nanoparticles (ref)[181, 324, 325]. Notably, these ef-
fects are typically reported at concentrations orders-of-magnitude larger than the 0.1 pg/mL
tested in this study [326, 327].

Similarly, ASNS was shown to be significantly upregulated in PS-50-exposed HMC3
cells when compared to cells exposed to Cup-MNPs (FC 1.56; p-adj = 1.77E-13), consistent
with GSEA enrichment of aminoacylation pathways in this sample. As a canonical ATF4
transcription target induced by ER stress and unfolded protein response (UPR), ASNS up-
regulation further supports the hypothesis that the greater SSA of pristine PS-NPs allows
greater biocorona protein adsorption with greater interaction, driving a stronger response
[317, 328]. This interpretation is further supported by upregulation of the ER-stress response

gene INHBE, which presented an even stronger transcriptional response (FC 2.00; p-adj
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4.41E-13). Together, ASNS, INHBE, DDITS3, and TRIB3 are transcriptionally activated
downstream of ATF4, which is selectively translated through PERK-mediated phosphoryla-
tion of elF2«a at Serb1, collectively constituting a coherent PERK—elF2a—ATF4 integrated

stress response in PS-50 NP-exposed HMC3 (Figure 3.12).
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Figure 3.12: ER Stress-Mediated PERK-elF2a—-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 transcriptional upregula-
tion of PERK—elF2a—~ATF4 pathway target genes. The ER-transmembrane kinase PERK
is activated and phosphorylates the translation initiation factor elF2«a at Ser51. The phos-
phorylated elF2a results in translational derepression of ATF4 mRNA. The resulting ATF4
protein translocates to the nucleus where it can heterodimerize with DDITS3, itself an ATF4
transcriptional target, to form a bZIP heterodimer transcription factor capable of driving
transcription of downstream stress-response genes including ASNS (asparagine 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 tran-
sient stress conditions. Collectively, this pathway regulates the adaptive recovery in PS-50
NP-exposed human microglia (HMC3).
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Several biologically significant genes were found to be upregulated in Cup-MNPs rela-
tive to PS-50 relating to collagen expression. CARMN displayed strong upregulation (FC
1.70; p-adj = 0.000238094), which has been found to increase collagen deposition, ECM
accumulation, and cell migration in CRISPR-activated human hepatic cells [329]. Addition-
ally, UBXN11, which regulates actin cytoskeleton organization and stress fibres through its
interaction with Rnd-subfamily GTPases (RND1/2/3), was additionally seen with higher
expression (FC 1.61; p-adj = 1.42E-05) [330]. Upstream of cytoskeletal impacts, PLEKHG/
(FC [1.74]; p-adj = 0.011774451), a guanine nucleotide exchange factor (GEF) that activates
Racl, Cdc42, and RhoA, provides additional evidence for cytoskeletal and ECM-regulatory
pathway activation [331]. RhoA presents as a major upstream regulator of the YAP pathway,
promoting YAP translocation by inhibiting LATS1/2 activity [332]. Together, the upreg-
ulation of CARMN, UBXN11, and PLEKHG4 in Cup-MNP-exposed HMC3 cells supports
a transcriptional state regulating cytoskeletal tension and ECM deposition, consistent with
the observed GSEA pathway enrichments.

The genes FGR1, ASNS, and INHBE were significantly upregulated in HMC3 exposed
to PS-50 NPs when compared to Fork-MNPs (Figure 3.11 b). In this comparison, IN-
HBE was shown to change its expression relative to real-world MNPs to a similar extent
(FC 1.85; p-adj = 5.00E-10), strengthening the hypothesis that pristine NPs activate the
PERK—-elF2a-ATF4 pathway to a greater extent. The fourth biologically-relevant DEG in
this set, LURAP1L, enhances NFxB activation, which is seen in many neuroinflammatory
conditions such as Alzheimer’s disease and Parkinson’s disease [333, 334, 335].

In both real-world MNP samples, KIF'12 and the largely uncharacterized ENSG00000258728
were significantly upregulated relative to PS-50. The former, a brain-specific kinesin tryptic
peptide, is one of the strongest upregulated proteins in Alzheimer’s disease, where it plays
role in microtubule transport [336, 337]. The latter is a protein coding gene whose anno-
tations relate to interleukin-6 (IL-6) receptor activity as an GALT-IL11RA read-through

338].

122



In HMCS3 cells exposed to Fork-MNPs relative to PS-50 NPs (Figure 3.11b), a partially
overlapping but distinct set of ECM-associated genes was upregulated. TNFAIPS (FC 1.52;
p-adj = 0.008619373), encoding the ubiquitin-editing enzyme A20, is a suppressor of both
NF-xB and TGF-5/SMAD-dependent fibrogenic processes [339]. Most importantly to the
context of ECM regulation, TNFAIPS3 has been shown as an activator of the Hippo-YAP sig-
naling pathway [340]. This gene was also seen to be significantly upregulated in Fork-MNPs
compared to Cup-MNPs (FC 1.65; p-adj = 0.028688122) (Figure 3.11c), reinforcing the
importance of particle morphology in the YAP pathway. NDRGI (FC 1.61; p-adj = 2.09E-
05), a stress-response protein, has recently been established as a transcriptional target of the
Hippo pathway effector YAP [341]. Upon activation and nuclear translocation, YAP directly
binds to the NDRG1 promoter to drive its expression. YAP knockdown correspondingly de-
creases NDRG1 levels, providing substantial evidence to Hippo/YAP pathway’s prevalence
in Fork-MNP-exposed cells [342].

3.5 Conclusion

In this study, it is demonstrated that human microglial responses to plastic particles are
strongly governed by particle physicochemical properties, particularly size and morphology.
Using a transcriptomic approach, marked differences between pristine polystyrene nanoplas-
tics (PS-50) and heterogeneous, real-world MNPs derived from consumer plastics are revealed
at 0.1 pg/mL. Pairwise comparisons showed the greatest divergence in gene expression be-
tween PS-50 and cup-derived MNPs, followed by PS-50 and fork-derived MNPs, highlighting
the dominant role of nanoscale particle fractions in driving cellular responses. The enhanced
uptake and intracellular accumulation of PS-50 NPs, due to their small size and high surface
area, likely underlie their pronounced induction of cellular stress.

Transcriptomic analyses revealed that PS-50 exposure triggers a stress-dominated re-
sponse characterized by activation of the PERK—elF2a—~ATF4 integrated stress response

(ISR), consistent with endoplasmic reticulum perturbation and unfolded protein response
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(UPR)-like signaling. Concomitant enrichment of pathways associated with tRNA aminoa-
cylation, linked to various pathological conditions, including cancer, autoimmune disorders,
and metabolic conditions; mitotic spindle checkpoint regulation; and sister chromatid co-
hesion suggests broader impacts on translational control and cell cycle regulation, raising
concerns regarding long-term cellular homeostasis. These findings are consistent with the
high surface reactivity and bioavailability of nanoscale particles, which amplify their biolog-
ical impact relative to larger plastic fragments.

In contrast, real-world MNPs induced transcriptional programs primarily associated
with extracellular matrix (ECM) organization, cytoskeletal remodeling, and mechanotrans-
duction. Gene set enrichment analyses implicate activation of the Hippo/YAP signaling
axis as a central regulator of these responses, likely reflecting the mechanical perturba-
tions imposed by irregularly shaped, heterogeneous particles. Notably, these effects were
observed at low concentrations (0.1 pg/mL), underscoring the sensitivity of mechanotrans-
ductive pathways to particle morphology and suggesting that physical interactions with the
cellular microenvironment represent a key mechanism of MNP action.

Although both Cup- and Fork-MNP samples elicited broadly similar transcriptional re-
sponses, Fork-MNPs exhibited a distinct transcriptional signature relative to Cup-MNPs.
This was primarily characterized by significant enrichment of the IL-10 signaling pathway;,
including upregulation of ILI0ORA, JAKI1, and STATS3. This profile indicates activation of
the JAK/STAT3 anti-inflammatory axis in microglia treated with Fork-MNPs, which can
induce a neuroprotective phenotype. These findings are consistent with previous reports
showing that YAP nuclear localization, promoted by increased matrix stiffness, can drive
IL-10 secretion in microglia in an actin-dependent manner. Collectively, these observations
suggest that while both real-world MNP samples induce extracellular matrix remodeling and
mechanotransductive signaling, Fork-MNP samples may engage this pathway more strongly,
potentially due to their higher content of smaller nanoscale particles. Despite these differ-

ences, the remarkably low number of differentially expressed genes between real-world MNP
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samples indicate that both preparations converge on a broadly shared transcriptional re-
sponse program. These shared responses are further supported by the cellular responses in
the previous study.

Together, these transcriptomic findings reinforce and mechanistically extend cellular
and molecular observations, demonstrating that the physicochemical properties of plastic
particles, particularly size and morphology, play a decisive role in shaping biological responses
wn vitro. The widespread reliance on pristine, monodisperse nanoplastic standards may
therefore misrepresent the biological impact of environmentally relevant MNPs. Collectively,
the data provides a transcriptome-wide perspective on the interactions between real-world
MNPs and human microglia, underscoring the importance of incorporating physicochemically
representative particles into MNP toxicology studies to improve their environmental and

biomedical relevance.
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Chapter 4

Conclusions and Future Directions

The work presented provides a multi-level investigation into the biological impacts of
environmentally relevant micro- and nanoplastics on human microglial cells, contrasting real-
world consumer-derived MNPs against pristine polystyrene nanoplastics commonly employed
as experimental placeholders in the field. Across both cellular and molecular endpoints as
well as transcriptome-wide analyses, a consistent, reproducible narrative was discovered: the
physicochemical properties of MNP samples used in plastic studies, particularly morpholo-
gies, is a relevant variable that shapes the biological response of microglia. Particle size and
shape play pivotal roles in these responses, supporting not only previously observed findings
in MNP studies, but in the wider field of mechanistic nanotoxicology.

At the cellular level, pristine PS-50 NPs elicited pronounced mitochondrial dysfunc-
tion in HMC3, characterized by significant reduction in mitochondrial membrane potential,
ATP-linked respiration, and maximal respiratory capacity. This was accompanied by ele-
vated cytosolic and mitochondrial ROS productions, with a strong inflammatory response.
These findings are consistent with phenotypes observed in neurodegenerative conditions,
such as Alzheimer’s and Parkinson’s disease, and their occurrence at mass-equivalent con-
centrations to real-world MNPs highlights a critical area of concern in existing literature.
In contrast, real-world Cup- and Fork-MNPs, formed from the degradation of consumer-
grade goods, elicited adaptive responses at identical mass concentrations. HMC3 displayed
compensatory redox activity, preserved respiratory profiles, and overall greater bioenergetic
resilience. However, Fork-MNPs evoked elevated IL-6 and IL-8 release at the highest tested

concentration, exceeding even the PS-50 response, underscoring that real-world particles are
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not uniformly less bioactive than pristine plastics. These divergent outcomes are most read-
ily explained by the orders-of-magnitude difference in particle number, specific surface area,
and morphology between pristine and real-world samples at equivalent mass dosimetry.

At the molecular level, differences in transcriptomics profiles among pristine and real-
world MNPs were further observed and supported through differential gene expression and
pathways enrichment. Pairwise differential expression analyses identified over one thousand
DEGs between real-world and pristine NP-exposed cells. Real-world MNPs upregulated
gene conditions centered on extracellular matrix remodeling, collagen fibril assembly, actin
cytoskeletal organization, and mechanotransduction, while PS-50 NPs drove a transcriptional
response dominated by PERK /elF2a/ATF4 stress response with mitotic dysregulation pre-
sentations. The similarities between Cup- and Fork-MNP transcriptional responses, with
only 9 significant DEGs, further highlights the shared physicochemical properties as the key
driver in microglial response to plastic. The IL-10 secretion pathway enriched in Fork-MNPs
further demonstrates the differences the nanofraction-particles contributed to meaningful
transcription regulation, mirroring the heightened inflammatory phenotype observed at the
cellular level at higher concentrations.

Together, the data presented relay several key conclusions. Perhaps most importantly,
pristine polystyrene nanoparticles cannot be used to accurately model the biological impacts
of MNPs that are seen in nature and the human body, and their continued use as model
particles risks the nuanced understanding of plastics as a risk to human health. Particle
morphology, namely size and shape, play unequivocal roles in determining the outcome of
biological-material interactions, and as such should be taken into consideration in experi-
mental design to accurately mirror what is most likely to be uptaken by humans. Several
important limitations amongst these findings are noted. The use of HMC3 as an in vitro
target cannot fully encapsulate the diverse response by the complex immune system of the
brain, nor present an understanding of how neurons may be impaired. The polydisper-

sity of real-world MNP preparations, while precisely controlled and performed repeatedly
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to highly similar results, inevitably contributes to inter-replicate variability. This can be
most clearly evidenced in the transcriptional response of the third Fork-MNP sample as well
as the measures of sample clustering and principal component analysis. While physiologi-
cally relevant, where the differing lifestyle choices of individual persons can directly influence
plastic accumulation over time and particle intake itself is stochastic, the experimental mass-
concentration dosimetry remains an imperfect attribute.

Future directions of this work should prioritize the adjustment of these potential short-
comings. The effect of real-world MNPs at longer, more representative exposure times greater
than 72-hours would allow for the resolution of many pathways to be observed. A more rep-
resentative model for plastic dynamics would also serve to better simulate how a cell would
come into contact with a plastic particle: microfluidics or organ-on-a-chip systems can pro-
vide physiologically relevant kinetics to how microglia interact with MNPs in vivo. For
the validations of the presented findings, functional validation of the Hippo/YAP pathway
in real-world samples would provide conformation of the transcriptional model proposed.
Elastic moduli measurements of ECM stiffness can further support these claims and ad-
vance the understanding of how cell microenvironments influence their responses n vitro.
Additionally, the validation of the PERK/elF2a/ATF4 stress response pathway in PS-50-
exposed HMC3 would validate the proposed mechanisms with pristine particles, allowing for
a detailed understanding of how pristine and real-world particle types differ

The accumulation of plastics in the human brain represents one of the most conse-
quential, yet least understood environmental health challenges of the twenty-first century.
Plastics have been detected in nearly every fraction of the human body, even in the most
vital of organs. The particles found in the body are not pristine, but rather derived from
consumer-grade products and mismanaged industrial waste. As this work has demonstrated,
the physical form of plastics is inseparable from its biological impact. The hopes of better
understanding the "plastic-pandemic” being faced by every individual lies in the use of rep-

resentative experimental models, which accurately reflect the physicochemical properties of
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the particles which are already inside of the body. This fact remains fundamental for pro-
ducing science capable for informing the clinical, regulatory, and public health responses.
Real-world plastics are already inside of us - the obligation is to now understand the impacts

they present.
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Appendix A

Supplemental Figures for Chapter 2
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Figure A.1: Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) per-
formed 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.
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Figure A.2: 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 corresponding 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 mea-
sured through flow cytometry.
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Figure B.1: 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 main-
tained 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.
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( a) FastQC Summary Dashboard
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Figure B.2: 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.
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Table B.1: One-way ANOVA results for the top 500 differentially expressed genes across
treatment groups (Cup-MNPs, Fork-MNPs, PS-50) as seen in Figure 3.3b. Genes are ranked
by BH-adjusted p-value. Z-scores represent sample-average VST-normalized expression rel-
ative to the global mean.

Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
PPP1R15B 1.438e-05 1.283e-01 -0.7703 -0.5400 1.3103
ENSG00000227230 | 2.390e-05 1.283e-01 -0.6442 -0.6697 1.3139
MELK 1.904e-05 1.283e-01 -0.7184 -0.5951 1.3135
ANKRD20A2P 6.620e-06 1.283e-01 -1.1682 0.0504 1.1178
ENSG00000225213 | 3.231e-05 1.388e-01 -0.6987 -0.6123 1.3110
ZNF496-DT 1.105e-04 1.626e-01 1.2761 -0.4187 -0.8574
MTHFD2 2.076e-04 1.626e-01 -0.7307 -0.5588 1.2894
GALNTS3 2.498e-04 1.626e-01 -0.9288 -0.3117 1.2405
ITPR1 1.545e-04 1.626e-01 -1.0834 -0.0759 1.1593
HHATL 2.199e-04 1.626e-01 0.9045 0.3473 -1.2518
PLA2G12A 2.485e-04 1.626e-01 -0.7899 -0.4891 1.2790
PLRG1 1.467e-04 1.626e-01 -0.8138 -0.4685 1.2823
GUCY1B1 1.970e-04 1.626e-01 -0.6672 -0.6266 1.2938
SLC30A5 1.232e-04 1.626e-01 -0.7106 -0.5871 1.2978
IFRD1 1.419e-04 1.626e-01 -0.5168 -0.7728 1.2897
SMU1 1.152e-04 1.626e-01 -0.9865 -0.2406 1.2271
PSAT1 1.548e-04 1.626e-01 -0.6251 -0.6717 1.2968
TARS1 9.569e-05 1.626e-01 -0.6236 -0.6785 1.3021
ZNF518A 2.303e-04 1.626e-01 -0.5804 -0.7093 1.2897
LTBP3 2.451e-04 1.626e-01 0.8731 0.3869 -1.2600
CHORDC1 8.172e-05 1.626e-01 -0.8873 -0.3839 1.2713
XPOT 2.256e-04 1.626e-01 -0.7597 -0.5253 1.2850
RN7SL1 2.395e-04 1.626e-01 0.6867 0.6037 -1.2904
RNT7SL2 2.248e-04 1.626e-01 0.6986 0.5921 -1.2907
NUPR1 1.460e-04 1.626e-01 -0.2482 -0.9790 1.2273
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Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
CAMKKI1 9.490e-05 1.626e-01 0.6299 0.6725 -1.3023
MGAT5B 6.167e-05 1.626e-01 0.8158 0.4762 -1.2919
NARS1 9.333e-05 1.626e-01 -0.7120 -0.5888 1.3008
ENSG00000290058 | 2.328e-04 1.626e-01 -0.3223 1.2444 -0.9221
CEBPG 6.956e-05 1.626e-01 -0.7054 -0.5988 1.3042
TRIB3 2.297e-04 1.626e-01 -0.7621 -0.5224 1.2844
ENSG00000275496 | 1.290e-04 1.626e-01 -0.7600 -0.5326 1.2926
MIR155HG 1.599e-04 1.626e-01 0.5040 0.7827 -1.2866
AGRN 4.707e-04 1.914e-01 0.8515 0.4024 -1.2539
ENSG00000289694 | 6.996e-04 1.914e-01 1.1794 -1.0041 -0.1753
CMPK1 3.548e-04 1.914e-01 -0.8243 -0.4418 1.2662
SSX2IP 6.464e-04 1.914e-01 -0.6729 -0.6008 1.2737
ADAMTSIA4 5.609e-04 1.914e-01 0.6847 0.5913 -1.2760
MAP3K21 3.177e-04 1.914e-01 -0.5696 -0.7147 1.2843
ASB3 5.541e-04 1.914e-01 -0.5926 -0.6837 1.2763
MRPL30 3.648e-04 1.914e-01 -0.7252 -0.5559 1.2811
SOWAHC 4.929e-04 1.914e-01 -0.7197 -0.5564 1.2761
TBC1D23 6.736e-04 1.914e-01 -0.5672 -0.7039 1.2711
C4orf3 5.687e-04 1.914e-01 0.8076 0.4527 -1.2604
TARS1 6.628e-04 1.914e-01 -0.8004 -0.4580 1.2584
SGTB 6.695e-04 1.914e-01 -0.5987 -0.6742 1.2729
TNPO1 5.693e-04 1.914e-01 -0.7871 -0.4772 1.2643
CKMT2-AS1 6.586e-04 1.914e-01 0.2414 -1.2040 0.9626
ARSK 3.751e-04 1.914e-01 -0.8237 -0.4416 1.2653
EGR1 5.429e-04 1.914e-01 -0.7921 -0.4722 1.2644
ARHGAP26 5.346e-04 1.914e-01 -0.6377 -0.6404 1.2781
CARMN 4.483e-04 1.914e-01 0.8360 0.4229 -1.2589
BOD1 3.471e-04 1.914e-01 -0.6411 -0.6446 1.2856
POUS5F1 4.246e-04 1.914e-01 0.7281 0.5500 -1.2781
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Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
ENSG00000272442 | 6.480e-04 1.914e-01 -0.6372 1.2743 -0.6372
PRIM2 4.212e-04 1.914e-01 -0.9381 -0.2881 1.2262
PSPH 7.265e-04 1.914e-01 -0.7880 -0.4707 1.2587
ASNS 5.861e-04 1.914e-01 -0.6011 -0.6745 1.2756
TCEA1 6.939e-04 1.914e-01 -0.5946 -0.6774 1.2720
PTEN 4.483e-04 1.914e-01 -0.8300 -0.4303 1.2603
GOT1 3.067e-04 1.914e-01 -0.5976 -0.6889 1.2865
TAF5 4.823e-04 1.914e-01 -0.8392 -0.4174 1.2566
MCMBP 4.687e-04 1.914e-01 -0.6206 -0.6597 1.2803
BTBD10 4.544e-04 1.914e-01 -0.4880 -0.7818 1.2698
NARS2 4.188e-04 1.914e-01 -1.1889 0.1780 1.0109
LNCOG 4.512e-04 1.914e-01 -0.3623 -0.8831 1.2454
PAWR 7.076e-04 1.914e-01 -0.6269 -0.6456 1.2725
APAF1 7.309e-04 1.914e-01 -0.5456 -0.7222 1.2678
TXNRD1 4.649¢-04 1.914e-01 -0.5409 -0.7348 1.2757
IPO5 6.198e-04 1.914e-01 -0.6239 -0.6512 1.2751
MMP14 5.328e-04 1.914e-01 1.0714 0.0679 -1.1393
HEATRS5A 6.835e-04 1.914e-01 -0.8317 -0.4191 1.2508
ITPKA 4.449e-04 1.914e-01 -0.4411 -0.8214 1.2625
PYGOL1 7.015e-04 1.914e-01 -0.8803 -0.3559 1.2362
AARS1 5.674e-04 1.914e-01 -0.5612 -0.7128 1.2739
DUSP3 6.760e-04 1.914e-01 0.9789 0.2159 -1.1949
ARID3A 6.779¢e-04 1.914e-01 -0.0180 1.1117 -1.0937
IFNL1 7.171e-04 1.914e-01 0.9534 0.2529 -1.2063
BMP2 4.061e-04 1.914e-01 -1.2693 0.7966 0.4727
ETS2 6.273e-04 1.914e-01 -1.2713 0.5514 0.7198
COL18A1 3.924e-04 1.914e-01 0.9694 0.2439 -1.2133
RPL23AP7 5.639e-04 1.914e-01 -0.5745 -0.7005 1.2750
ENSG00000280327 | 7.427e-04 1.922¢-01 0.3176 0.9075 -1.2251
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Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
MYOSLID 7.614e-04 1.947e-01 1.2547 -0.4517 -0.8030
RABI10 8.367e-04 1.962e-01 -0.4308 -0.8183 1.2491
MMUT 8.472e-04 1.962e-01 -0.4288 -0.8197 1.2485
FAM135A 8.590e-04 1.962e-01 -0.5633 -0.7026 1.2658
CNOT4 8.526e-04 1.962e-01 -0.7847 -0.4709 1.2555
MTFRI1 8.390e-04 1.962e-01 -0.3775 -0.8604 1.2379
DDX21 8.271e-04 1.962e-01 -0.8706 -0.3645 1.2351
INTS13 8.060e-04 1.962¢-01 -0.7689 -0.4907 1.2596
MARS1 8.086e-04 1.962e-01 -0.6790 -0.5897 1.2687
ARFRP1 8.187e-04 1.962e-01 0.8481 0.3940 -1.2421
DGCRS 8.445e-04 1.962e-01 0.5034 0.7569 -1.2603
TBC1D20 8.689e-04 1.964e-01 -0.3691 -0.8661 1.2352
ENSG00000286504 | 8.943e-04 1.980e-01 -1.2671 0.6597 0.6074
ENSGO00000288815 | 8.937e-04 1.980e-01 0.5411 0.7221 -1.2632
GIGYF1 9.448e-04 2.021e-01 0.7502 0.5084 -1.2585
VPS37A 9.384e-04 2.021e-01 -0.7199 -0.5423 1.2622
TMEMY94 9.484e-04 2.021e-01 0.8827 0.3448 -1.2275
GRK3 9.505e-04 2.021e-01 -0.4971 -0.7599 1.2570
MAPKY9 9.700e-04 2.023e-01 -0.5028 -0.7545 1.2572
ARIH1 9.794e-04 2.023e-01 -1.0111 -0.1534 1.1645
TMEM205 9.767e-04 2.023e-01 0.6572 0.6079 -1.2651
PDLIM2 9.896e-04 2.024e-01 0.5774 0.6862 -1.2636
PEX13 1.037e-03 2.086e-01 -0.5262 -0.7323 1.2584
ENSG00000271743 | 1.059e-03 2.086e-01 -1.1062 1.0820 0.0242
SLC26A11 1.044e-03 2.086e-01 0.2023 0.9793 -1.1816
SBF1 1.058e-03 2.086e-01 0.9972 0.1735 -1.1707
SUGT1P2 1.116e-03 2.101e-01 -1.1869 0.2213 0.9656
MAK 1.082e-03 2.101e-01 -1.1871 0.2199 0.9672
CNOT7 1.114e-03 2.101e-01 -0.7064 -0.5528 1.2592
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Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
EML3 1.125e-03 2.101e-01 0.9316 0.2716 -1.2032
GAS6 1.120e-03 2.101e-01 0.9746 0.2073 -1.1819
ENSG00000272872 | 1.095e-03 2.101e-01 0.6438 0.6189 -1.2627
Cllorfo1 1.148e-03 2.107e-01 0.6680 0.5929 -1.2609
INHBE 1.145e-03 2.107e-01 -0.7261 -0.5305 1.2566
NAMPT 1.196e-03 2.165e-01 -1.0820 -0.0191 1.1011
NRBEF2 1.204e-03 2.165e-01 -0.6497 -0.6105 1.2602
NUCB2 1.210e-03 2.165e-01 -0.6295 -0.6308 1.2603
MARCKSL1 1.634e-03 2.205e-01 0.7899 0.4467 -1.2366
SLC6A9 1.590e-03 2.205e-01 -0.7282 -0.5191 1.2473
CTH 1.420e-03 2.205e-01 -1.0420 -0.0865 1.1285
USP33 1.601e-03 2.205e-01 -0.7414 -0.5040 1.2454
ACBD3 1.521e-03 2.205e-01 -0.9836 -0.1823 1.1659
SH3BP5L 1.335e-03 2.205e-01 0.8416 0.3887 -1.2303
MTIF2 1.643e-03 2.205e-01 -0.6705 -0.5807 1.2511
OBSL1 1.610e-03 2.205e-01 0.7142 0.5342 -1.2484
NCK1 1.334e-03 2.205e-01 -0.4391 -0.8012 1.2403
PTX3 1.655e-03 2.205e-01 -0.9072 -0.2936 1.2008
MUC20-OT1 1.593e-03 2.205e-01 0.4425 0.7940 -1.2365
USP53 1.661e-03 2.205e-01 -0.9738 -0.1944 1.1682
SCLT1 1.562e-03 2.205e-01 -1.0654 -0.0394 1.1048
LARS1 1.549¢-03 2.205e-01 -0.8122 -0.4211 1.2333
SKIC2 1.684e-03 2.205e-01 1.0033 0.1462 -1.1495
ENSG00000232702 | 1.384e-03 2.205e-01 1.0533 -1.1205 0.0672
GARS1 1.677e-03 2.205e-01 -0.7144 -0.5329 1.2472
ENSG00000288096 | 1.645e-03 2.205e-01 0.7568 0.4856 -1.2423
ABHDI17B 1.599e-03 2.205e-01 -1.2263 0.3907 0.8357
RABGAP1 1.414e-03 2.205e-01 -0.7245 -0.5266 1.2511
ARHGAP22 1.274e-03 2.205e-01 0.5856 0.6724 -1.2580

172




Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
C100rf88 1.519e-03 2.205e-01 -0.9059 -0.2984 1.2043
COPB1 1.574e-03 2.205e-01 -0.8347 -0.3924 1.2271
FRMDS 1.617e-03 2.205e-01 0.7540 0.4893 -1.2433
PGM2L1 1.612e-03 2.205e-01 -0.7284 -0.5185 1.2469
G2E3 1.450e-03 2.205e-01 -0.8713 -0.3473 1.2186
WARS1 1.363e-03 2.205e-01 -0.6229 -0.6343 1.2572
LDAF1 1.278e-03 2.205e-01 -0.3301 -0.8870 1.2172
ENSG00000255439 | 1.607e-03 2.205e-01 -0.6004 1.2525 -0.6521
ARMC5H 1.446e-03 2.205e-01 0.3408 0.8762 -1.2170
ATP6VOD1-DT 1.287e-03 2.205e-01 0.9646 0.2181 -1.1827
ENSG00000261996 | 1.441e-03 2.205e-01 0.6585 0.5968 -1.2553
DLG4 1.515e-03 2.205e-01 -0.5213 -0.7275 1.2488
NSF 1.246e-03 2.205e-01 -0.3600 -0.8653 1.2253
CALCOCO2 1.625e-03 2.205e-01 -0.6736 -0.5777 1.2513
RMC1 1.298e-03 2.205e-01 -1.2221 0.3507 0.8714
ENSG00000290812 | 1.666e-03 2.205e-01 -0.2544 -0.9342 1.1887
RTBDN 1.525e-03 2.205e-01 1.2185 -0.3517 -0.8668
ELL 1.293e-03 2.205e-01 -0.1350 1.1512 -1.0162
LINC02987 1.518e-03 2.205e-01 -0.1548 -1.0006 1.1554
ZNF30 1.425e-03 2.205e-01 -1.1657 0.1777 0.9880
PRNP 1.552e-03 2.205e-01 -0.7708 -0.4709 1.2418
KCNG1 1.465e-03 2.205e-01 -0.6172 -0.6381 1.2553
SOX18 1.465e-03 2.205e-01 -0.8964 -0.3129 1.2093
LEPR 1.893e-03 2.224e-01 -0.7022 -0.5425 1.2447
NIBAN1 1.773e-03 2.224e-01 -0.6049 -0.6449 1.2498
MCFD2 1.880e-03 2.224e-01 -0.3932 -0.8294 1.2227
GFPT1 1.723e-03 2.224e-01 -0.7294 -0.5154 1.2447
ANAPC1P2 1.797e-03 2.224e-01 -0.9058 -0.2926 1.1984
UBE2D3 1.813e-03 2.224e-01 -0.7015 -0.5446 1.2461
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Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
NCOA7 1.873e-03 2.224e-01 -0.7152 -0.5286 1.2438
LURAP1L-AS1 1.895e-03 2.224e-01 0.4929 -1.2395 0.7465
SLC31A1 1.839e-03 2.224e-01 -0.8593 -0.3553 1.2146
POLD3 1.851e-03 2.224e-01 -0.4171 -0.8109 1.2279
USP12 1.867e-03 2.224e-01 -0.3800 -0.8400 1.2200
WDRT76 1.763e-03 2.224e-01 -0.7987 -0.4337 1.2323
MIR22HG 1.801e-03 2.224e-01 0.6162 0.6334 -1.2496
FN3KRP 1.738e-03 2.224e-01 1.0971 -0.0287 -1.0684
EPG5 1.822e-03 2.224e-01 -1.0619 -0.0388 1.1008
ENSGO00000281383 | 1.834e-03 2.224e-01 0.6763 0.5713 -1.2476
GART 1.830e-03 2.224e-01 -0.3036 -0.8975 1.2011
EWSR1 1.732e-03 2.224e-01 0.9476 0.2332 -1.1807
SUN2 1.748e-03 2.224e-01 0.8057 0.4253 -1.2310
SLC30A1 1.919e-03 2.228e-01 -1.2036 0.3168 0.8867
NDUFBb5 1.919e-03 2.228e-01 -0.7010 -0.5434 1.2444
ATL2 1.983e-03 2.277e-01 -0.9529 -0.2199 1.1728
CD274 1.975e-03 2.277e-01 -0.9069 -0.2876 1.1945
DHTKD1 2.002e-03 2.287e-01 -0.4669 -0.7674 1.2344
EIF4A2 2.015e-03 2.289%e-01 -0.6236 -0.6227 1.2463
ALDH1L2 2.044e-03 2.299e-01 -0.6738 -0.5707 1.2444
SNX6 2.039e-03 2.299e-01 -0.5922 -0.6532 1.2454
MOCOS 2.058e-03 2.300e-01 -0.4885 -0.7481 1.2366
ZNF512B 2.067e-03 2.300e-01 0.8894 0.3104 -1.1998
RCCD1 2.123e-03 2.339e-01 0.7297 0.5085 -1.2381
LINC02693 2.123e-03 2.339e-01 -0.8429 -0.3717 1.2146
TRMTI1L 2.254e-03 2.362e-01 -0.5330 -0.7058 1.2388
ITPRID2 2.170e-03 2.362e-01 -0.7214 -0.5171 1.2384
RN7SL4P 2.206e-03 2.362e-01 0.5376 0.7023 -1.2399
RN7SL689P 2.242e-03 2.362e-01 0.4165 0.8060 -1.2225
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Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
COGH 2.262e-03 2.362e-01 -0.9212 -0.2618 1.1830
ENSG00000285257 | 2.253e-03 2.362e-01 -1.0411 -0.0674 1.1085
IPO7 2.184e-03 2.362e-01 -0.6966 -0.5441 1.2407
ENSG00000203392 | 2.171e-03 2.362e-01 0.9864 0.1633 -1.1497
KLF2 2.277e-03 2.362e-01 -0.6990 -0.5402 1.2392
LIG1 2.268e-03 2.362e-01 1.1029 -0.0557 -1.0472
PSMD10P1 2.253e-03 2.362e-01 1.1319 -1.0106 -0.1213
ENSG00000272669 | 2.195e-03 2.362¢-01 1.1132 -0.0764 -1.0369
RAB39A 2.299e-03 2.374e-01 -0.1792 -0.9749 1.1542
PKP3 2.372e-03 2.437e-01 0.2913 0.8993 -1.1906
RLF 2.413e-03 2.448e-01 -1.2280 0.7675 0.4604
TIPRL 2.439e-03 2.448e-01 -0.6311 -0.6092 1.2403
SPX 2.429¢-03 2.448e-01 -0.6955 -0.5418 1.2373
LMAN1 2.438e-03 2.448e-01 -0.7186 -0.5163 1.2349
CSE1L 2.406e-03 2.448e-01 -0.7272 -0.5070 1.2343
USP19 2.483e-03 2.460e-01 0.6825 0.5551 -1.2376
MOCS2 2.532e-03 2.460e-01 -0.1613 -0.9834 1.1446
EGR2 2.497e-03 2.460e-01 -0.0736 1.1084 -1.0348
CDR2 2.531e-03 2.460e-01 -0.1842 -0.9691 1.1533
IGFBP4 2.475e-03 2.460e-01 0.9166 0.2648 -1.1814
ENSG00000279207 | 2.516e-03 2.460e-01 1.2221 -0.4324 -0.7896
LAMAS5 2.518e-03 2.460e-01 0.8900 0.3019 -1.1919
PRORSD1P 2.582e-03 2.460e-01 0.8038 0.4141 -1.2179
PAPOLG 2.644e-03 2.460e-01 -0.6673 -0.5691 1.2364
LYSMD3 2.650e-03 2.460e-01 -0.3535 -0.8505 1.2039
ASCC3 2.642e-03 2.460e-01 -0.7669 -0.4579 1.2248
DNAJC30 2.565e-03 2.460e-01 0.7327 0.4986 -1.2313
DUSP6 2.658e-03 2.460e-01 -0.8701 -0.3271 1.1972
UBE2G1 2.578e-03 2.460e-01 -0.8806 -0.3140 1.1946
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Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
CSNK1D 2.552e-03 2.460e-01 0.8063 0.4114 -1.2177
SKA1 2.615e-03 2.460e-01 -0.6507 -0.5868 1.2375
ENSG00000280800 | 2.617e-03 2.460e-01 0.6947 0.5402 -1.2348
HSPA13 2.590e-03 2.460e-01 -0.6238 -0.6146 1.2384
FBXL5 2.684e-03 2.463e-01 -0.6188 -0.6185 1.2372
ENSG00000226699 | 2.682e-03 2.463e-01 -0.9182 1.1773 -0.2590
BVES 2.727e-03 2.492e-01 -0.4657 -0.7593 1.2250
Clorf43 2.798e-03 2.494e-01 -0.7450 -0.4814 1.2264
C20rf74-DT 2.835e-03 2.494e-01 0.5613 -1.2337 0.6724
RND3 2.833e-03 2.494e-01 -0.9204 -0.2534 1.1738
CEP120 2.771e-03 2.494e-01 -0.6742 -0.5602 1.2344
TTK 2.773e-03 2.494e-01 -0.5579 -0.6763 1.2342
SLC6A15 2.840e-03 2.494e-01 -0.6356 -0.5995 1.2351
PPTCT 2.822e-03 2.494e-01 -0.9921 -0.1417 1.1338
EXOC5H 2.864e-03 2.494e-01 -0.6857 -0.5467 1.2324
TMEMI170A 2.869e-03 2.494e-01 -0.7122 -0.5177 1.2299
ZNF134 2.779e-03 2.494e-01 0.7192 -1.2302 0.5110
ENSG00000280614 | 2.867e-03 2.494e-01 0.7193 0.5097 -1.2291
CFAP410 2.808e-03 2.494e-01 0.5969 0.6386 -1.2355
ABLIM1 2.904e-03 2.512e-01 -1.2064 0.3763 0.8301
EXPH5 2.912e-03 2.512e-01 -0.5106 -0.7180 1.2286
NMNAT1 2.988e-03 2.516e-01 -0.5797 -0.6531 1.2329
MREG 2.981e-03 2.516e-01 -0.9917 -0.1396 1.1313
ZDHHC2 2.966e-03 2.516e-01 -0.4990 -0.7278 1.2267
WWP1 2.955e-03 2.516e-01 -0.6297 -0.6042 1.2339
VLDLR 2.982e-03 2.516e-01 -0.8674 -0.3260 1.1934
GABPBI1-IT1 2.968e-03 2.516e-01 0.7584 0.4636 -1.2220
CNGA1 3.016e-03 2.522e-01 -0.6105 -0.6228 1.2332
ENSG00000260400 | 3.018e-03 2.522e-01 -0.9015 -0.2781 1.1796
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Z-Score Z-Score Z-Score
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ZNF322 3.053e-03 2.523e-01 -0.6036 -0.6291 1.2327
PPP2R5C 3.066e-03 2.523e-01 -1.0142 -0.0997 1.1139
ENSG00000267342 | 3.039e-03 2.523e-01 1.1462 -0.1796 -0.9666
ENSG00000281181 | 3.056e-03 2.523e-01 0.6991 0.5298 -1.2289
RBBP5 3.221e-03 2.528e-01 -0.5348 -0.6928 1.2276
YIPF4 3.253e-03 2.528e-01 -0.7577 -0.4609 1.2186
ATF2 3.169e-03 2.528e-01 -0.5423 -0.6864 1.2287
ASNSD1 3.182e-03 2.528e-01 -0.8498 -0.3468 1.1966
ILIRAP 3.188e-03 2.528e-01 -1.0208 -0.0858 1.1067
UBAG 3.270e-03 2.528e-01 -0.7963 -0.4142 1.2105
FBXO5 3.207e-03 2.528e-01 -0.7284 -0.4954 1.2237
LURAPIL 3.107e-03 2.528e-01 -0.5483 -0.6816 1.2298
SPAGS 3.117e-03 2.528e-01 0.3881 0.8187 -1.2068
NIBAN?2 3.096e-03 2.528e-01 0.7212 0.5048 -1.2260
OLR1 3.231e-03 2.528e-01 -1.1803 0.2880 0.8923
BLM 3.155e-03 2.528e-01 -1.0901 0.0486 1.0416
CES4A 3.168e-03 2.528e-01 0.8005 0.4102 -1.2108
MAPILC3B 3.182e-03 2.528e-01 -0.6619 -0.5683 1.2302
CRLF3 3.262e-03 2.528e-01 -0.5510 -0.6773 1.2283
PMAIP1 3.272e-03 2.528e-01 -0.7675 -0.4490 1.2166
MAPKI1 3.200e-03 2.528e-01 -0.9497 -0.2037 1.1534
ENSG00000289960 | 3.306e-03 2.544e-01 -0.6241 1.2300 -0.6059
TYW3 3.337e-03 2.550e-01 -0.8656 -0.3236 1.1892
ANKRD42 3.330e-03 2.550e-01 -0.7669 -0.4491 1.2160
SEL1L3 3.354e-03 2.552e-01 -0.7174 -0.5060 1.2234
SMC5-DT 3.363e-03 2.552e-01 1.0787 -0.0286 -1.0501
ETFB 3.378e-03 2.554e-01 1.1302 -0.1463 -0.9838
RAP1GDS1 3.557e-03 2.555e-01 -0.7028 -0.5200 1.2228
SLC7A11 3.514e-03 2.555e-01 -0.7178 -0.5038 1.2216
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Z-Score Z-Score Z-Score
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MAT2B 3.442e-03 2.555e-01 -0.6774 -0.5490 1.2263
PDCD1LG2 3.534e-03 2.555e-01 -0.7747 -0.4373 1.2120
CHEK1 3.434e-03 2.555e-01 -0.7428 -0.4761 1.2190
ARHGEF25 3.523e-03 2.555e-01 1.0728 -0.0195 -1.0533
ZNFT70 3.445e-03 2.555e-01 -0.8084 -0.3969 1.2053
MAPKG6 3.501e-03 2.555e-01 -0.8303 -0.3683 1.1986
FHOD1 3.510e-03 2.555e-01 0.7574 0.4582 -1.2156
CMTR2 3.541e-03 2.555e-01 -0.8951 -0.2800 1.1750
ENSG00000260279 | 3.422e-03 2.555e-01 0.7800 0.4323 -1.2123
CADM4 3.549e-03 2.555e-01 0.9501 0.1980 -1.1481
ENSG00000268750 | 3.510e-03 2.555e-01 0.2486 -1.1656 0.9171
USP25 3.525e-03 2.555e-01 -0.5326 -0.6917 1.2242
URB1-AS1 3.464e-03 2.555e-01 0.5784 0.6493 -1.2276
ANKIB1 3.585e-03 2.566e-01 -0.4948 -0.7250 1.2198
CLTCL1 3.598e-03 2.567e-01 -0.6870 -0.5368 1.2239
MXRAS 3.723e-03 2.575e-01 0.5762 0.6488 -1.2249
EPRS1 3.740e-03 2.575e-01 -0.7260 -0.4920 1.2180
FOXN2 3.694e-03 2.575e-01 -0.7976 -0.4075 1.2051
GFM2 3.647e-03 2.575e-01 -0.9203 -0.2419 1.1622
PTTG1 3.665e-03 2.575e-01 0.5219 0.7001 -1.2219
CDC5L 3.740e-03 2.575e-01 -0.8415 -0.3508 1.1923
UHREF2 3.685e-03 2.575e-01 -0.7522 -0.4624 1.2146
UBQLN1 3.638e-03 2.575e-01 -0.8016 -0.4032 1.2048
KRTS80 3.727e-03 2.575e-01 0.5817 0.6434 -1.2251
PCK2 3.737e-03 2.575e-01 -0.5139 -0.7066 1.2205
TNFAIP2 3.667e-03 2.575e-01 0.1553 0.9757 -1.1311
ZFYVE9 3.762e-03 2.579e-01 -0.6327 -0.5924 1.2251
WDR5 3.771e-03 2.579e-01 0.8135 0.3866 -1.2001
CHUK 3.818e-03 2.595e-01 -0.7476 -0.4662 1.2139
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Z-Score Z-Score Z-Score
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MED24 3.811e-03 2.595e-01 0.6740 0.5486 -1.2226
MTO1 3.836e-03 2.599e-01 -0.7437 -0.4707 1.2143
PARP3 3.883e-03 2.611e-01 0.7829 0.4234 -1.2063
IPOS8 3.897e-03 2.611e-01 -0.4336 -0.7744 1.2080
SCYL2 3.873e-03 2.611e-01 -0.9566 -0.1833 1.1399
MT1X 3.903e-03 2.611e-01 0.5689 0.6540 -1.2229
JMY 3.975e-03 2.651e-01 -0.7983 -0.4034 1.2017
ATAD2 4.026e-03 2.677e-01 -0.6118 -0.6109 1.2227
SIPA1L2 4.081e-03 2.683e-01 0.5536 -1.2204 0.6668
FAM171B 4.095e-03 2.683e-01 -0.6342 -0.5875 1.2217
SHMT?2 4.093e-03 2.683e-01 -0.6002 -0.6218 1.2220
MVP 4.083e-03 2.683e-01 0.6250 0.5970 -1.2220
SNTB2 4.098e-03 2.683e-01 -0.8206 -0.3738 1.1945
MEDS 4.135e-03 2.693e-01 -1.2034 0.4195 0.7839
ALPG 4.137e-03 2.693e-01 0.0174 1.0492 -1.0665
FBXO3 4.160e-03 2.699e-01 -0.4265 -0.7780 1.2044
MAP3K6 4.316e-03 2.700e-01 0.7798 0.4227 -1.2024
SDC3 4.435e-03 2.700e-01 0.8271 0.3618 -1.1889
SARS1 4.437e-03 2.700e-01 -0.5831 -0.6354 1.2185
CHRNB2 4.328e-03 2.700e-01 1.2161 -0.6908 -0.5253
THBS3-AS1 4.640e-03 2.700e-01 0.4809 0.7278 -1.2087
DESI2 4.418e-03 2.700e-01 -0.8068 -0.3881 1.1948
ENSG00000288988 | 4.740e-03 2.700e-01 0.0725 1.0151 -1.0876
CHMP2B 4.721e-03 2.700e-01 -0.3593 -0.8268 1.1860
HACD2 4.692e-03 2.700e-01 -0.9461 -0.1893 1.1354
IL20RB 4.454e-03 2.700e-01 -0.0771 -1.0148 1.0919
ZBTB12BP 4.644e-03 2.700e-01 -0.5759 1.2165 -0.6405
ATP10D 4.527e-03 2.700e-01 -0.1530 -0.9700 1.1230
GSTCD 4.491e-03 2.700e-01 -0.5241 -0.6905 1.2146
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Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
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SEC24B 4.472e-03 2.700e-01 -0.7774 -0.4240 1.2014
SMARCA5 4.211e-03 2.700e-01 -0.8312 -0.3589 1.1901
RAD1 4.585¢-03 2.700e-01 -0.9129 -0.2413 1.1542
MIER3 4.608e-03 2.700e-01 -0.7294 -0.4794 1.2088
FHIP2B 4.649¢-03 2.700e-01 0.7473 0.4582 -1.2055
KIF12 4.627e-03 2.700e-01 0.8093 0.3827 -1.1920
HERC4 4.468e-03 2.700e-01 -0.6308 -0.5876 1.2183
PCBD1 4.688e-03 2.700e-01 0.9689 0.1527 -1.1217
VSIR 4.395e-03 2.700e-01 0.9523 0.1833 -1.1355
TRUB1 4.487¢-03 2.700e-01 -0.8637 -0.3124 1.1761
ENSGO00000278518 | 4.294e-03 2.700e-01 0.4026 0.7962 -1.1988
EPS8L2 4.687¢-03 2.700e-01 0.8540 0.3235 -1.1775
EIF4G2 4.176e-03 2.700e-01 -0.6721 -0.5470 1.2191
PIGCP1 4.270e-03 2.700e-01 -0.5935 1.2202 -0.6267
CTSF 4.493e-03 2.700e-01 0.8503 0.3306 -1.1808
RNF41 4.590e-03 2.700e-01 -0.7950 -0.4011 1.1961
STAT6 4.505e-03 2.700e-01 0.6561 0.5609 -1.2170
GPR180 4.731e-03 2.700e-01 -0.9368 -0.2035 1.1402
DHRS1 4.320e-03 2.700e-01 1.1275 -0.1603 -0.9672
PALS1 4.691e-03 2.700e-01 -1.1248 0.1609 0.9639
ENSG00000259033 | 4.189¢-03 2.700e-01 0.7802 0.4234 -1.2036
UBL7 4.249¢-03 2.700e-01 0.6395 0.5807 -1.2201
ENSG00000276571 | 4.617e-03 2.700e-01 -0.7969 1.1953 -0.3985
ENSG00000260757 | 4.474e-03 2.700e-01 0.7132 0.4990 -1.2123
CHMP1A 4.420e-03 2.700e-01 0.8707 0.3035 -1.1742
VAMP2 4.734e-03 2.700e-01 0.8470 0.3324 -1.1794
TVP23B 4.322e-03 2.700e-01 -0.8166 -0.3765 1.1932
AKAP10 4.722e-03 2.700e-01 0.1573 -1.1232 0.9659
U2AF2 4.531e-03 2.700e-01 0.8745 0.2970 -1.1715
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CTSA 4.550e-03 2.700e-01 0.6132 0.6046 -1.2179
ENSG00000223901 | 4.668e-03 2.700e-01 0.7337 0.4738 -1.2075
XBP1 4.567e-03 2.700e-01 -0.8799 -0.2891 1.1690
APOL1 4.698e-03 2.700e-01 0.7214 0.4876 -1.2091
DCAF10 4.760e-03 2.704e-01 -0.6935 -0.5184 1.2118
SRGAP2B 4.878e-03 2.714e-01 -0.8406 -0.3395 1.1801
LBH 4.854e-03 2.714e-01 0.0685 1.0165 -1.0850
SMIM13 4.872e-03 2.714e-01 -0.7420 -0.4623 1.2043
HOXC10 4.829e-03 2.714e-01 -1.1539 0.9076 0.2462
DDIT3 4.861e-03 2.714e-01 -0.9331 -0.2076 1.1407
LARP6 4.798e-03 2.714e-01 -0.4074 -0.7883 1.1956
CWC(C25 4.863¢-03 2.714e-01 0.0989 0.9994 -1.0983
SLC9AS 4.857e-03 2.714e-01 -0.2287 1.1479 -0.9192
SP3 5.044e-03 2.738e-01 -0.5707 -0.6422 1.2129
ATGI12 5.036e-03 2.738e-01 -0.7932 -0.3990 1.1922
PRRT7-AS1 4.990e-03 2.738e-01 0.6370 0.5766 -1.2136
RNT7SK 5.048e-03 2.738e-01 0.0356 1.0328 -1.0683
UBE3C 5.020e-03 2.738e-01 -0.6547 -0.5579 1.2125
ADAM32 4.993e-03 2.738e-01 0.5360 -1.2114 0.6754
DENND10 4.961e-03 2.738e-01 -0.5923 -0.6219 1.2142
ACOT1 4.962¢-03 2.738e-01 0.5351 0.6764 -1.2116
RAB3D 5.024e-03 2.738e-01 -0.4125 -0.7823 1.1949
TRIOBP 4.989¢-03 2.738e-01 1.0315 0.0389 -1.0703
SERPINE2 5.081e-03 2.742e-01 -0.5676 -0.6449 1.2125
ENSG00000260877 | 5.079e-03 2.742e-01 1.1517 -0.2452 -0.9065
Clorfl59 5.175e-03 2.744e-01 0.7561 0.4429 -1.1990
COL16A1 5.163e-03 2.744e-01 0.4626 0.7395 -1.2021
SLC39A1 5.178e-03 2.744e-01 0.4987 0.7078 -1.2065
PLS1 5.181e-03 2.744e-01 -0.6151 -0.5974 1.2125
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FIP1L1 5.212e-03 2.744e-01 -0.8127 -0.3727 1.1853
STK38L 5.145e-03 2.744e-01 -0.5761 -0.6362 1.2123
SKA3 5.179e-03 2.744e-01 -0.6349 -0.5771 1.2121
SREBF1 5.203e-03 2.744e-01 0.6287 0.5833 -1.2120
S1PR4 5.163e-03 2.744e-01 0.7101 0.4962 -1.2063
CRNKL1 5.207e-03 2.744e-01 -0.8689 -0.2976 1.1666
SFXN3 5.230e-03 2.746e-01 0.9257 0.2148 -1.1405
WDRA41 5.261e-03 2.749e-01 -0.7466 -0.4533 1.2000
LINCO01271 5.248e-03 2.749e-01 0.7463 0.4538 -1.2001
HENMT1 5.360e-03 2.761e-01 1.2051 -0.7064 -0.4987
INTS7 5.400e-03 2.761e-01 -1.1480 0.2407 0.9072
RAB3GAP1 5.379e-03 2.761e-01 -0.7663 -0.4289 1.1951
CLOCK 5.349e-03 2.761e-01 -0.9468 -0.1807 1.1275
ENSG00000289112 | 5.369e-03 2.761e-01 0.8664 -1.1659 0.2995
ZNFT707 5.452e-03 2.761e-01 1.0667 -0.0380 -1.0286
PUMS3 5.334e-03 2.761e-01 -0.6660 -0.5432 1.2092
PPP1CC 5.340e-03 2.761e-01 -0.6222 -0.5888 1.2111
ZNF668 5.441e-03 2.761e-01 1.2082 -0.5413 -0.6669
SEPTIN4 5.427e-03 2.761e-01 0.9674 0.1464 -1.1138
IL11 5.403e-03 2.761e-01 0.1343 0.9749 -1.1092
HM13-1T1 5.421e-03 2.761e-01 -1.1616 0.8759 0.2857
ZNF295-AS1 5.337e-03 2.761e-01 -0.0345 1.0658 -1.0313
ANKRD13C 5.497e-03 2.771e-01 -0.4149 -0.7769 1.1918
NFU1 5.495e-03 2.771e-01 -0.2189 -0.9212 1.1400
ZNF330 5.559e-03 2.771e-01 -0.8906 -0.2634 1.1540
STAM 5.522e-03 2.771e-01 -1.0372 -0.0207 1.0579
ENSG00000249456 | 5.545e-03 2.771e-01 -1.0641 0.0339 1.0302
CDC42BPG 5.562e-03 2.771e-01 0.9458 0.1800 -1.1257
C18orf54 5.549e-03 2.771e-01 -0.3231 -0.8479 1.1710

182




Gene Name p value padj Cup-MNP Fork-MNP | PS-50
Z-Score Z-Score Z-Score
Average Average Average
RSBNI1L 5.585e-03 2.777e-01 -0.8061 -0.3776 1.1837
ZMYMA4 5.676e-03 2.790e-01 -0.5861 -0.6223 1.2084
CISH 5.678e-03 2.790e-01 1.1731 -0.8383 -0.3348
PPIP5K2 5.656e-03 2.790e-01 -0.7186 -0.4825 1.2010
RRM1 5.674e-03 2.790e-01 -0.6467 -0.5608 1.2076
NAGPA 5.642e-03 2.790e-01 1.0279 0.0371 -1.0649
PDK1 5.826e-03 2.798e-01 -0.0808 1.0837 -1.0029
SGO1 5.850e-03 2.798e-01 -0.9641 -0.1472 1.1113
STAC 5.844e-03 2.798e-01 -0.6805 -0.5234 1.2039
PPP1R2 5.791e-03 2.798e-01 -0.7792 -0.4095 1.1887
SMAD35 5.830e-03 2.798e-01 -0.5748 -0.6321 1.2069
GOPC 5.714e-03 2.798e-01 -0.6837 -0.5209 1.2046
ARFGEF1 5.832e-03 2.798e-01 -0.5835 -0.6236 1.2072
UBE2W 5.794e-03 2.798e-01 -0.5105 -0.6926 1.2031
AZIN1 5.823e-03 2.798e-01 -1.0132 -0.0622 1.0754
PCGF5 5.757e-03 2.798e-01 -0.6416 -0.5655 1.2072
TMEM132D 5.845e-03 2.798e-01 -0.6760 -0.5283 1.2043
SNORD3A 5.828e-03 2.798e-01 -0.3644 1.1791 -0.8147
EPB41L4A 5.872e-03 2.802e-01 0.0175 -1.0540 1.0365
ENSG00000291208 | 5.891e-03 2.805e-01 0.8589 0.3049 -1.1638
MFGES8 5.905e-03 2.806e-01 0.7237 0.4745 -1.1982
FLAD1 5.938e-03 2.815e-01 0.4540 0.7411 -1.1951
CUEDC1 5.972e-03 2.820e-01 0.7460 0.4480 -1.1940
TTC39C 5.974e-03 2.820e-01 -1.1059 0.1356 0.9703
TAF1B 6.019e-03 2.831e-01 -1.0339 -0.0208 1.0546
SDCBP 6.037e-03 2.831e-01 -0.7145 -0.4840 1.1985
CTTN 6.038e-03 2.831e-01 0.7827 0.4031 -1.1858
OGFR 6.074e-03 2.842e-01 0.9441 0.1772 -1.1213
ENSG00000270696 | 6.121e-03 2.858e-01 -0.5534 1.2039 -0.6505
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ZC3H8 6.148e-03 2.858e-01 -1.1961 0.4711 0.7250
ENSG00000289182 | 6.148e-03 2.858e-01 0.8551 0.3078 -1.1629
RTCA-AS1 6.293e-03 2.867e-01 0.2390 0.9024 -1.1414
SLC25A24 6.412e-03 2.867e-01 -0.6689 -0.5316 1.2005
SYT14 6.539e-03 2.867e-01 -0.8844 -0.2631 1.1475
XPO1 6.281e-03 2.867e-01 -0.8483 -0.3159 1.1642
HS6ST1 6.572¢-03 2.867e-01 0.5958 0.6062 -1.2020
TCEA1P2 6.499e-03 2.867e-01 -0.7277 -0.4652 1.1929
SEC62 6.346e-03 2.867e-01 -0.6646 -0.5367 1.2013
USO1 6.581e-03 2.867e-01 -0.7087 -0.4864 1.1951
HNRNPD 6.574e-03 2.867e-01 0.7487 0.4400 -1.1887
OCLN 6.463e-03 2.867e-01 -0.8273 -0.3424 1.1697
PNPLAS 6.550e-03 2.867e-01 -0.7432 -0.4467 1.1899
INTSS8 6.532e-03 2.867e-01 -0.7265 -0.4663 1.1928
GPAA1 6.518e-03 2.867e-01 0.7209 0.4729 -1.1938
SNAPC3 6.327e-03 2.867e-01 -0.8410 -0.3253 1.1663
COL5A1 6.434e-03 2.867e-01 0.9490 0.1658 -1.1148
PRXL2A 6.312e-03 2.867e-01 -0.4401 -0.7503 1.1904
EXOC6 6.295e-03 2.867e-01 -0.4725 -0.7228 1.1953
RCN1 6.515e-03 2.867e-01 -0.4587 -0.7332 1.1919
ENSG00000280202 | 6.532e-03 2.867e-01 -0.6511 -0.5498 1.2008
BTG1 6.217e-03 2.867e-01 -0.8502 -0.3138 1.1640
SIX4 6.292e-03 2.867e-01 -0.5088 -0.6906 1.1994
ACOT2 6.255e-03 2.867e-01 0.6394 0.5641 -1.2035
ZSCAN2 6.491e-03 2.867e-01 0.4950 0.7016 -1.1966
ITGAE 6.454e-03 2.867e-01 0.8899 0.2558 -1.1458
METTL4 6.566e-03 2.867e-01 -0.8389 -0.3261 1.1650
CXXC1 6.467¢-03 2.867e-01 1.0968 -0.1209 -0.9759
BCL2 6.554e-03 2.867e-01 -0.9179 -0.2134 1.1312
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CDC37 6.353e-03 2.867e-01 0.8313 0.3381 -1.1694
CPT1C 6.388e-03 2.867e-01 0.8534 0.3079 -1.1613
TOP1 6.388e-03 2.867e-01 -0.7096 -0.4868 1.1964
SMTN 6.323e-03 2.867e-01 0.4259 0.7621 -1.1880
LONRF1 6.605e-03 2.868e-01 -0.9541 -0.1558 1.1099
LIME1 6.611e-03 2.868e-01 0.8016 0.3746 -1.1762
FUS 6.630e-03 2.871e-01 0.6833 0.5143 -1.1976
CEP83-DT 6.692¢-03 2.892¢-01 0.3905 0.7885 -1.1790
GPT2 6.737e-03 2.905e-01 -0.5708 -0.6296 1.2004
IFITM10 6.798e-03 2.916e-01 1.1986 -0.5422 -0.6564
L2HGDH 6.801e-03 2.916e-01 -0.5384 -0.6600 1.1983
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