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Purpose: While aged zinc oxide nanoparticles (ZnO NPs) show reduced acute cytotoxicity, their chronic effects remain unclear. This
study compared the long-term, low-dose impact of environmentally aged versus fresh ZnO NPs on enhanced aggressive phenotype in
hepatocellular carcinoma cells.

Material and Methods: HepG2 cells were chronically exposed (approximately 16 weeks) to low doses (1.5 pg/mL) of aged or fresh ZnO
NPs. RNA sequencing (n=3 per group) identified transcriptomic changes, while migration and invasion assays validated functional
outcomes. A transcription factor (TF) -mRNA network was constructed, and clinical correlation was analyzed using patient survival data.
Results: Aged ZnO NPs were associated with the activation of pro-oncogenic pathways (e.g. JAK-STAT) and induced increased cell
migration and invasion compared to fresh NPs. Network analysis suggested CEBPA, CTNNBI, and STAT3 as potential core
transcriptional regulators. Consistent with their potential role in promoting an aggressive phenotype, the elevated expression levels
of these TFs were associated with reduced overall survival in patients with hepatocellular carcinoma.

Conclusion: Chronic exposure to environmentally aged ZnO NPs, despite lower acute toxicity, may promote a more aggressive
phenotype in liver cells compared to fresh NPs. This effect is potentially mediated by the specific modulation of oncogenic pathways
and a core transcriptional network linked to poor patient outcomes. Our findings suggest that the environmental aging process could be
an important factor influencing the long-term potential of ZnO NPs to promote an aggressive phenotype, which should be considered
in nanomaterial risk assessment.
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Introduction
The widespread application of engineered nanomaterials, particularly zinc oxide nanoparticles (ZnO NPs), in consumer
products, agriculture, and biomedicine has led to their increasing environmental release,'  raising concerns about potential
human health risks.*> For instance, acute exposure to ZnO NPs has been observed to induce increased airway resistance,
hyperinflammatory response, and histological damage in rat lungs, while in vitro studies demonstrate the induction of ROS
production, decrease in mitochondrial membrane potential, and activation of the NLRP3 inflammasome in A549 cells.®
Furthermore, Qin et al reported that ZnO NPs can induce ferroptosis in HUVECs and EA.hy926 cells, with elevated
intracellular iron levels and lipid peroxidation in a dose- and time-dependent manner.” Similarly, Valdiglesias et al discovered
that ZnO NPs induce considerable cytotoxicity in glial cells, including decreased viability and cytoskeletal alterations, also
following dose- and time-dependent kinetics.®

The hepatotoxicity induced by ZnO NPs, as evidenced by the accumulation of experimental data, underscores the liver’s role
as a primary target organ for NPs accumulation.”'” Given this specific susceptibility and the substantial global burden of
hepatocellular carcinoma (HCC) — which ranks as the sixth most common malignancy worldwide and the third leading cause of
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—itis critically important to evaluate the potential risks of ZnO NPs specifically within the context of
liver cancer. This concern is particularly acute in Asia, as evidenced by China constituting an estimated 42.4% of global HCC
cases.”> Consequently, the human hepatocellular carcinoma cell line HepG2 is frequently selected by nanotoxicologists to
directly simulate the potential effects of chronic ZnO NPs exposure on the primary target organ within a disease-relevant context.
HepG2 cells are a well-established in vitro model for liver toxicity and cancer biology studies. They not only retain many
functions of normal hepatocytes, making them highly relevant for assessing hepatotoxic effects, but also provide a malignant
cellular background ideal for investigating the potential of environmental stressors to exacerbate cancer hallmarks, such as
increased invasion and migration.'*'® Typically, after internalization, ZnO NPs are primarily absorbed as Zn>" ions, with
a fraction internalized as particulate matter; regardless of the exposure route, this leads to elevated hepatic zinc concentrations.'”
Supporting this, a study on crucian carp revealed that ZnO NPs exposure increased serum levels of liver injury biomarkers,
including aspartate aminotransferase (AST) and alanine aminotransferase (ALT). Histopathological observations further showed
inflammatory cell infiltration within the central vein of the liver following ZnO NPs stimulation.”” Moreover, in a rat model
subjected to a 21-day exposure (2 mg/kg/day), liver biopsies exhibited significant tissue damage, including sinusoidal dilatation,
Kupffer cell hyperplasia, inflammatory cell infiltration, and hepatocyte apoptosis.>' Here, by employing the HepG2 model, we
aim to directly assess whether ZnO NPs enhance the aggressive behaviors of hepatocellular carcinoma cells.

Following their release into the environment, ZnO NPs undergo significant physicochemical transformations influenced by
surrounding conditions.”? >* These alterations primarily include dissolution, aggregation, and chemical speciation changes,’
which are influenced by key environmental factors such as pH, organic matter, ionic strength, and sunlight.?**” For instance,
in phosphate-rich waters,”® ZnO NPs can be sequentially transformed into crystalline and subsequently amorphous zinc
phosphate phases, a process that significantly attenuates their cytotoxicity.”’ Conversely, research by Saji George et al
confirmed that exposure to light can significantly increase the toxic potential of ZnO NPs to environmental organisms.*
A critical transformation process that warrants particular attention is environmental aging.3 132 This process can potentially
change the NPs’ surface properties, reactivity, and environmental persistence.>*** Our earlier work has demonstrated that
during this aging process, ZnO NPs can transform into secondary species, including zinc ions (Zn*") and hydrozincite (Zns
(CO5),(OH)g).> This transformation may further trigger a series of interrelated physicochemical alterations of NPs. For
instance, changes in dissolution kinetics could influence the pattern of Zn*" release, while the formation of new phases or the
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adsorption of environmental molecules may change the particles’ surface reactivity, stability, and their mode of interaction
with cells. Therefore, to accurately assess the real-world health risks of ZnO NPs, it is essential to investigate how these aging-
induced physicochemical alterations translate into biological outcomes, particularly under exposure conditions that mirror
environmental relevance. However, the predominant toxicological paradigm for ZnO NPs has relied on acute or sub-acute,
high-dose exposures to pristine NPs. While invaluable for elucidating immediate cytotoxic mechanisms, this paradigm does
not reflect the chronic, low-level exposure scenarios relevant to environmental or occupational settings.>**” Consequently,
a critical yet underexplored question arises: how does the environmental aging of ZnO NPs — a nanomaterial of high
production volume and human exposure potential — modulate their biological effects under chronic, low-dose exposure
conditions, and can such exposure drive more insidious pathological processes, such as the progression of a pre-existing
malignant phenotype?”® *!

Our previous investigations have systematically compared the biological effects of fresh and aged ZnO NPs,
providing a foundation for this study. While acute cytotoxicity might be attenuated, the potential to induce DNA damage
and gene mutations could be significantly enhanced after aging.** Building on these findings, this study employs RNA
sequencing to delve into the underlying molecular mechanisms. We hypothesized that chronic, low-dose exposure to
aged ZnO NPs would induce distinct transcriptomic profiles in HepG2 compared to fresh NPs, potentially activating
pathways implicated in cancer progression, such as cell proliferation and invasion. Our specific objectives were to: (1)
identify differentially expressed genes (DEGs); (2) perform functional enrichment analysis and Gene Set Enrichment
Analysis (GSEA) to delineate perturbed biological processes; and (3) construct regulatory networks to identify key
transcription factors and assess the clinical relevance of identified genes. This work aims to provide insights into the
mechanisms underlying the health risks associated with chronic exposure to environmentally transformed ZnO NPs.

Material and Methods
Characterization of ZnO NPs

Commercially available ZnO NPs with an average particle size of 20 nm, a purity of 99.5%, and a near-spherical
morphology were obtained from Nanostructured & Amorphous Materials (Houston, TX, USA). A fresh ZnO NPs
suspension (1 mg/mL) was prepared in Milli-Q water and sterilized at 120°C for 30 minutes. Prior to each experiment,
the suspension was vortexed for 5 minutes and ultrasonicated for 30 minutes to prevent aggregation. Aged ZnO NPs were
obtained by natural aging of the suspension in Milli-Q water at 25°C for 60 days. The synthesis and characterization
methodology for the ZnO NPs followed the protocol described by Wang et al*>> In detail, fresh and aged ZnO NPs were
characterized by transmission electron microscopy (TEM, Carl Zeiss 120, Zeiss International, Germany) to confirm
morphological changes. To comprehensively evaluate properties relevant to biological interactions, the dissolution
behavior, hydrodynamic size, and surface charge of the NPs were characterized. For dissolution analysis, NPs were
suspended at 50 pg/mL in either Milli-Q water or complete cell culture medium (DMEM supplemented with 10% FBS),
incubated at 37 °C for 72 hours, and then centrifuged at 20,000 rpm for 1 hour. Zinc concentration in the supernatants was
measured by inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 5110) against a standard
curve. Culture medium samples were subjected to microwave digestion prior to ICP-OES analysis. Hydrodynamic
diameter and zeta potential were determined by dynamic light scattering (DLS) using a Zetasizer Nano ZSE (Malvern
Instruments, UK). For DLS measurements, NPs were dispersed in ultrapure water at 100 pg/mL, followed by vortex
mixing and ultrasonication. All measurements were performed in at least triplicate, and data are presented as
mean =+ standard deviation (SD).

Cell Culture

The human hepatoma cell line HepG2 was acquired from the China Center for Type Culture Collection (CCTCC,
Shanghai, China). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin-streptomycin (Hyclone, USA). All cell cultures were
maintained at 37°C in a humidified incubator with 5% CO,.
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Cell Viability Assay

To assess acute cytotoxicity, HepG2 cells were seeded in 6-well plates at a density of 1x10° cells per well. After 24 hours
of adhesion, cells were exposed to fresh or aged ZnO NPs at concentrations of 1, 5, 10, 15, 20, 30, and 50 pg/mL for
72 hours. Cell viability was then determined by cell counting. Cell viability for each treatment group was expressed as
a percentage relative to the untreated control group. Each concentration was tested in duplicate wells, and the entire
experiment was independently repeated three times.

In vitro Chronic Exposure to ZnO NPs

Based on the acute cytotoxicity results, a sub-cytotoxic concentration of 1.5 ug/mL was selected for chronic exposure
studies. HepG2 cells were continuously exposed to this concentration of fresh or aged ZnO NPs for approximately
16 weeks (equivalent to 40 cell passages). To maintain consistent exposure, the culture medium containing NPs was
replenished every two to three days. Control cultures were maintained in parallel without NPs.

RNA-Seq Data Processing, Differential Expression, and Visualization

Total RNA was extracted from chronically exposed HepG2 cells from three independent biological replicates per group (n=3)
using TRIzol reagent. Sequencing libraries were prepared and sequenced on an [llumina NovaSeq 6000 platform. After quality
control, clean reads were aligned to the reference genome using HISAT2, and gene- level counts were quantified with HTSeq
(0.9.1), and the raw expression levels were subsequently normalized to FPKM (Fragments Per Kilobase of transcript per
Million mapped reads) to account for gene length and sequencing depth. Differentially expressed genes (DEGs) were
identified using the DESeq2 R package (version 1.48.2). Low-expressed genes (counts < 10 in at least 3 samples) were
filtered out prior to analysis. Pairwise comparisons (Fresh NPs vs. Control, Aged NPs vs. Control, Aged NPs vs. Fresh NPs)
were performed. DEGs were defined as genes with an adjusted p-value (padj; Benjamini-Hochberg correction) < 0.05 and an
absolute log,FoldChange (|log,FC]|) > 1. Principal component analysis (PCA) was conducted on variance-stabilized counts.
The top 500 most variable genes were used for dimensionality reduction, and the results were visualized in a two-dimensional
scatter plot of the first two principal components, with 95% confidence ellipses added to illustrate group clustering. Volcano
plots for each comparison were generated using ggplot2 (version 4.0.2) and ggrepel (version 0.9.6).

Functional and Pathway Enrichment Analysis

Functional and pathway enrichment analyses were conducted to interpret the biological significance of the differentially
expressed genes (DEGs). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed for each comparison using the clusterProfiler R package (version 4.16.0), with the org.Hs.egdb
database (version 3.21.0) used for annotation. The complete set of DEGs (both up- and down-regulated) was analyzed
against the background of all expressed genes, with significance defined as p < 0.05. In addition, Gene Set Enrichment
Analysis (GSEA) was performed on genome-wide gene lists ranked by the Wald statistic from DESeq2, using candidate
GO terms and KEGG pathways identified in the enrichment analysis as input gene sets. The GSEA, implemented with
the fgsea method in clusterProfiler, assessed significance with p < 0.05. Results were visualized using dot plots (ggplot2,
version 4.0.2) and single-gene-set enrichment plots (GseaVis, version 0.0.5).

Regulatory Network Construction and Clinical Correlation

A transcriptional regulatory network was inferred to identify key transcription factors (TFs) modulating the observed
gene expression changes. Potential TF- mRNA interactions were predicted using the collecTRI method within the
decoupleR package. The network was visualized using Cytoscape software. To assess the clinical relevance of the
identified key TFs, survival analysis was performed using the R package easyTCGA. This analysis utilized the clinical
and gene expression data from the Liver Hepatocellular Carcinoma (LIHC) cohort of The Cancer Genome Atlas
(TCGA). Kaplan-Meier survival curves were generated based on the optimal cut-point expression level of the key TFs
to evaluate the association between their expression and the overall survival of LIHC patients.
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Cell Migration and Invasion Assays

Cell migration and invasion were assessed using Transwell inserts (8 pm pore membrane; BD Biosciences, USA). For the
migration assay, a suspension of 5x10* cells in 200 pL of serum-free medium was seeded into the upper chamber. The
lower chamber contained 600 pL of complete medium with 10% FBS as a chemoattractant. For the invasion assay, the
membrane was pre-coated with a thin layer of Matrigel (diluted 1:8 in serum-free medium). Following a 48-hour
incubation, non-migratory/non-invasive cells on the upper surface were removed. Cells on the lower surface were fixed
with 4% paraformaldehyde, stained with 0.1% crystal violet, and counted under an inverted microscope. Cells from five
randomly selected fields per insert were counted using Image] software.The experiments were conducted with three
independent biological replicates (n=3), each including triplicate wells.

Quantitative Real-Time PCR (RT-qPCR) Analysis

Total RNA was extracted from HepG2 cells using TRIzol reagent (Invitrogen, USA). cDNA was synthesized from total
RNA using the ToioScript All-in-one RT EasyMix for gPCR (TOLOBIO, China) under conditions recommended by the
manufacturer. Quantitative PCR was performed on a StepOnePlus Real-Time PCR System (Applied Biosystems, USA)
using 2 x Q3 SYBR qPCR Master Mix (Universal) (TOLOBIO, China) with gene-specific primers (Sangon Biotech,
China). The thermal cycling conditions were: 95°C for 1 minute; 40 cycles of 95°C for 10 seconds, 60°C for 10 seconds,
and 72°C for 30 seconds. The relative expression of target genes was normalized to GAPDH and calculated using the 2”
(-AACt) method with triplicate replicates. Each sample was run in technical triplicate, and the experiment was conducted
with three independent biological replicates (n=3). The sequences of all primers used are listed in Table S1.

Statistical Analysis

The normality of data distribution was assessed using the Shapiro—Wilk test, and the homogeneity of variances was verified
using Levene’s test. Statistical analysis was performed on data from three independent experiments. All data are presented
as the mean =+ standard deviation (SD). The specific choice of inferential statistical test was determined by the experimental
design. For direct comparisons between two independent groups, such as evaluating the difference in migratory or invasive
capacity between cells treated with aged versus fresh ZnO NPs, an unpaired two-tailed Student’s ¢-test was applied. For
experiments involving comparisons among three groups, including the cell viability assay and the multi-group gene
expression analysis in RT-qPCR, a one-way analysis of variance (ANOVA) was first conducted. Where the ANOVA
indicated a statistically significant overall effect, Tukey’s honestly significant difference (HSD) post hoc test was employed
for all pairwise comparisons to identify which specific groups differed from one another. In all graphical representations of
the data, statistical significance is denoted by asterisks (*) for comparisons against the control group and hash symbols (*)
for the direct comparison between aged and fresh NPs treatments, with ** indicating p < 0.05 and *** indicating p < 0.01.
A p-value (or the adjusted p-value from post hoc tests) of less than 0.05 was considered statistically significant.

Results

Characterization of NPs

TEM images revealed significant differences in the surface morphology of NPs dispersed in Mill-Q water at
a concentration of 100 ug/mL. Although fresh ZnO NPs lack a particularly regular spherical structure, the surface of
their regular crystal structure remains relatively clear; in contrast, aged nanoparticles display amorphous and blurred
morphological features (Figure 1). Table 1 summarized the hydrodynamic diameter, polydispersity index (PdI), and
soluble Zn levels of both fresh and aged ZnO NPs, as measured in Milli-Q water and DMEM medium. Upon dilution in
the medium, the agglomerate size of aged ZnO NPs dropped from 692 nm to 434 nm. This may be attributed to fetal
bovine serum (FBS) and other components in the cell culture medium, which both stabilize the NPs and aid in their
dispersion. Concurrently, dissolved Zn concentrations rose substantially—from 4.61 ug/mL to 13.79 pg/mL for fresh
NPs, and from 9.41 pg/mL to 19.85 ug/mL for aged NPs. Such enhanced ion release implies that the observed biological
effects of ZnO NPs may be partially driven by Zn ions leached into the culture environment. Notably, dilution in cell
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Figure | Representative micrographs of fresh and aged NPs in Milli-Q water using low resolution TEM.

culture medium significantly boosted the dissolution of both NP types. The particulars of the physicochemical transfor-
mation process have been subjected to exhaustive analysis and detailed exposition in our previous researches.*>

Acute Cytotoxicity of NPs and Dose Selection for Chronic Exposure

HepG2 cells were acutely treated with fresh or aged NPs at varying concentrations for 72 hours. As shown in Figure 2, cell
viability progressively decreased with increasing NPs concentration, though the rate of decline differed between aged and
fresh groups. Specifically, fresh NPs exhibited significant toxicity from 5 pg/mL onwards, with a marked decline in cell
viability; whereas aged NPs exhibited no apparent toxicity below 10 ug/mL, with a comparatively slower decline in cell
viability. Notably, when the nanomaterial concentration reached 20 pg/mL, the survival rate in the fresh group fell below
30%, whereas cells in the aged group retained approximately 65% viability. To model a chronic, low-level exposure
scenario, a concentration of 1.5 pug/mL, which was demonstrated to exert negligible effects on cell viability in our acute
exposure assays, was selected as the possible sub-toxic dose for the subsequent 4-month chronic exposure study.

Transcriptome Sequencing Indicates Specific Molecular Alterations Chronically
Induced by ZnO NPs

Sequencing of nine samples generated 410.39 million raw reads, averaging 45.60 M reads per sample. Rigorous filtering
retained 95.01% of raw reads (389.89 M clean reads), confirming efficient removal of low-quality sequences. The data
exhibited high accuracy, with mean Q30 scores of 93.94% across all groups (Control: 94.07%, Fresh NPs: 94.14%, Aged
NPs: 93.60%).

Differential gene expression analysis across the three groups was carried out, with thresholds set as |log,FoldChange|
> 1 and padj < 0.05. PCA plot (Figure 3a) visually demonstrates the intra -group consistency and inter -group differences,

Table | Particle Size and Zinc Concentration of Fresh and Aged NP Suspensions

Properties Fresh NPs Aged NPs

Milli-Q Water | DMEM/10% FBS | Milli-Q Water | DMEM/10% FBS
Hydrodynamic size (nm) 380.32 + 47.50 373.42 £ 25.62 692.21 + 140.96 434.64 + 39.20
Zeta Potential (mV) —15.89 £ 0.10 -9.28 £ 0.22 -9.44 £ 0.26 —8.79 + 0.08
Pdi 0.46 0.64 0.28 0.37
Zn Concentration (ug/mL) 4.61 £0.0I 13.79 £ 0.12 9.41 + 0.09 19.85 + 0.13

Notes: Nanoparticle size is expressed as intensity-based average hydrodynamic diameter. Bars: + S.D. Pdl = polydispersity index. The
dissolved Zn concentration was measured: 50 mg/mL NPs were suspended in Milli-Q water at room temperature or in DMEM/10%
FBS at 37°C for 72 h. The suspensions were centrifuged at 20,000 rpm (28 000g) for | h, and then the Zn concentrations in the
supernatant were determined by ICP-OES.
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Figure 2 Acute cytotoxicity of fresh and aged NPs in HepG2 cells. Cells were treated with the indicated concentrations (0-50 pg/mL) of NPs for 72 h. Cell viability is
presented as the mean percentage of the untreated control = SD (n = 3). *p < 0.05, ¥p < 0.01 vs control group. “p < 0.01 for aged NPs versus fresh NPs groups at the
same concentration.
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Figure 3 Transcriptomic profiling of HepG2 cells after chronic exposure to fresh or aged NPs. (a) PCA plot of transcriptomes from nine samples across control, fresh NPs,
and aged NPs groups. (b) Venn diagram illustrating the overlap of DEGs identified in fresh NPs vs control groups comparison and aged NPs vs control groups comparison.
(c—e) Volcano plots displaying the distribution of DEGs for the comparisons of (c) fresh NPs vs control groups, (d) aged NPs vs control groups, and (e) fresh NPs vs aged
NPs groups. padj < 0.05 was considered statistically significant.

effectively distinguishing the gene expression profiles of the three groups. Venn diagram analysis (Figure 3b) of the
DEGs showed that the comparison of fresh NPs versus control groups yielded 33 unique DEGs, the comparison of aged
NPs versus control groups yielded 342 unique DEGs, and the two comparisons shared a common set of 66 overlapping
DEGs, underscoring both conserved and treatment-specific transcriptional alterations. The volcano plots in Figure 3c—e
respectively depict the distribution of DEGs for the comparisons of fresh NPs versus control groups, aged NPs versus
control groups, and fresh NPs versus aged NPs groups. These plots clearly illustrate genes with significant expression
changes, showcasing the up -regulated and down -regulated genes in each comparison group.
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GO Analysis of Differential Gene Expression Chronically Induced by ZnO NPs

GO enrichment analysis identified a total of 127, 614, and 378 significantly enriched GO terms in the comparison of fresh NPs
group versus control group, aged NPs group versus control group, and aged NPs group versus fresh NPs group, respectively.
Within the Biological Process (BP) category, 91, 460, and 313 GO terms were significantly enriched across these groups. To
further elucidate the most biologically relevant processes, the top 10 most representative GO terms in the BP category for each
group were selected and are presented in Figure 4. Positive regulation of cell migration, G protein-coupled receptor signaling
pathway, signal release and regulation of epithelial cell proliferation are closely related to fresh NPs exposure (Figure 4a).
After treatment with aged NPs, significant changes occur in epithelial cell proliferation, extracellular matrix organization, cell-
cell adhesion via plasma-membrane adhesion molecules and extracellular matrix disassembly (Figure 4b). In comparison to
fresh NPs group, aged NPs group exhibit alterations in cell-matrix adhesion, cytokine-mediated signaling pathway, fatty acid
transport and very long-chain fatty acid metabolic process (Figure 4c).

KEGG and GSEA Suggest Specific Pathway Enrichment Profiles Chronically Induced by
ZnO NPs

To further elucidate the functional changes of DEGs, KEGG pathway analysis was performed. In the comparison of fresh
NPs versus control, the analysis revealed significant enrichment in pathways including Tyrosine metabolism, Phenylalanine
metabolism, ECM-receptor interaction, and Calcium signaling pathway (Figure 5a), with these pathways showing notable
statistical support among the top-ranked candidates. In aged NP- treated groups, pathways that demonstrated statistically
significant enrichment and are mechanistically relevant to cancer biology included Cytokine-cytokine receptor interaction
and Tyrosine metabolism and Gap junction (Figure 5b). Furthermore, the comparison between aged and fresh NPs identified
several pathways with statistically supported enrichment and clear relevance to hepatocellular carcinoma progression,
including Cytokine-cytokine receptor interaction, ECM-receptor interaction, Cytosolic DNA-sensing pathway and the Jak-
STAT signaling pathway (Figure 5c). GSEA analysis (Figure 5d—f) revealed that aged NPs group, compared to fresh NPs
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Figure 5 Integrated visualization of KEGG pathway enrichment and GSEA analysis. (a) Bubble plot showing the top 20 most enriched KEGG pathways in fresh NPs vs.
control comparison. (b) Bubble plot showing the top 20 most enriched KEGG pathways in aged NPs vs. control comparison. (c) Bubble plot showing the top 20 most
enriched KEGG pathways in aged NPs vs. fresh NPs comparison. All pathways are ranked by p-value. Dot size represents the number of genes mapped to the pathway, and
color intensity reflects the enrichment significance (-log,o(p-value)). (d—f) GSEA enrichment plots of aged vs fresh NPs groups comparison. (d—f) Validation of up-regulated
biological processes: (d) cellular extravasation, (e) positive regulation of cell motility, (f) cytokine-mediated signaling pathway. (g—i) Validation of dysregulated KEGG
pathways: (g) up-regulation of cytokine-cytokine receptor interaction, (h) up-regulation of Jak-STAT signaling pathway, (i) down-regulation of ECM-receptor interaction. In
the ranked list, genes up-regulated in the aged group are positioned to the left. Statistical significance was defined as p < 0.05.

group, exhibited marked up-regulation of cellular extravasation, positive regulation of cell motility and cytokine-mediated
signaling pathway, consistent with prior findings. At the pathway level, the significant up-regulation of the cytokine-cytokine
receptor interaction pathway (Figure 5g) and the Jak-STAT signaling pathway (Figure 5h), coupled with the significant down-
regulation of the ECM-receptor interaction pathway (Figure 5i) in aged versus fresh NPs, was also confirmed.

Identifying TFs Associated with Chronic Induction of an Aggressive Phenotype by
Aged ZnO NPs Through Integrated Network Analysis

Transcription factors act as master regulators of gene expression, orchestrating diverse cellular processes. Therefore,
identifying the key TFs that drive transcriptional programs associated with enhanced aggressiveness is critical for
elucidating the mechanisms behind ZnO NP-induced cancer progression. Using the CollecTRI network, we predicted
815 TFs potentially regulating the identified genes. To further investigate the mechanism by which ZnO NPs promote
malignancy at the molecular level, we retrieved a set of 16119 increased malignancy-associated genes (encompassing
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proliferation, migration, and invasion) from the GeneCards database. Subsequently, we intersected these 815 TFs
(predicted to regulate the transcriptomic profile) with the 16119 malignancy-associated genes. This analysis revealed
a significant overlap of 779 TFs (Figure 6a). From this overlap, the top 100 nodes were selected to construct an increased
malignancy associated TF-mRNA regulatory network (Figure 6b). To prioritize the most interconnected regulators, we
then screened for genes with more than 50 edges, identifying 89 candidates. Finally, based on log,FoldChange ranking
and a review of prior literature, we selected 9 pivotal genes for RT-qPCR validation, including 3 up-regulated genes
(CEBPA, CTNNBI, STAT3) and 6 down-regulated genes (CEBPG, EGR1, NR3C1, SP1, STAT5A, TP53). Fortunately,
expression of the 9 genes showed a consistent trend with that in RNA-seq in both fresh groups and aged groups
(Figure 6c¢). Survival analysis of hepatocellular carcinoma patients revealed that high expression of CEBPA, CTNNBI,
and STAT3 was statistically significantly associated with poor prognosis (Figure 6d—f), indicating that the elevated
expression of CEBPA, CTNNBI, and STAT3 identified in our in vitro model is also associated with unfavorable clinical
outcomes in HCC patients.
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Figure 6 Identification of key transcription factors associated with aged ZnO NP-induced malignancy. (a) Schematic flowchart of the bioinformatic screening pipeline from
the transcriptomic data derived from the comparison between aged NP-treated and control groups. (b) The TF-mRNA regulatory network visualizing the interactions
among the top key TFs and their target genes. (c) RT-qPCR validation of the expression levels of nine pivotal TFs treated with fresh or aged NPs, compared to control. Data
were based on 3 independent experiments and expressed as mean * SD, *p < 0.05, **p < 0.01 vs control group, ##p < 0.01 for aged NPs versus fresh NPs groups. (d—f)
Kaplan-Meier survival analysis of hepatocellular carcinoma patients from the TCGA database, showing that high expression of CEBPA (d), CTNNBI (e) and STAT3 (f) is
significantly associated with poor overall survival.
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Figure 7 Chronic exposure to ZnO NPs promoted the migration and invasion capacity of HepG2 cells. (a) Representative images from the cell migration and invasion
assays for control, fresh NPs, and aged NPs groups. (b and c) Quantitative analysis of cell migration (b) and invasion (c). Data are presented as the mean from three or more
independent experiments (n = 3). *p < 0.05, ¥p < 0.01 vs control group. *p < 0.05 for aged NPs versus fresh NPs groups at the same concentration.

Chronic Exposure to ZnO NPs Promotes the Migration and Invasion of HepG2 Cells
To further explore the impact of chronic exposure to ZnO NPs on the aggressive behaviors of HepG2 cells, we performed cell
migration and invasion assays. The results showed that both fresh and aged NPs significantly increased the number of
migrating and invading cells compared to control group. This effect was substantially stronger in aged NP group (Figure 7). In
conclusion, these collective findings suggest that chronic exposure to low dose of ZnO NPs can significantly enhance the
migratory and invasive capacities of HepG2 cells in vitro, and that aged NPs markedly promote this process.

Discussion

ZnO NPs have become one of the most widely utilized engineered nanomaterials in consumer products,**** leading to their
inevitable release into the environment.*> Human exposure to ZnO NPs occurs through various pathways, including
inhalation, ingestion, and dermal contact,*® raising significant public health concerns regarding their potential toxicity.*’
Notably, upon environmental release, fresh ZnO NPs undergo an aging process, resulting in complex physicochemical

4849 such as the formation of hydrozincite (Zns(CO5)>(OH)g) and increased dissolution into Zn** ions.>%!

transformations,
Consequently, aged ZnO NPs, rather than their fresh counterparts, could be the primary form to which humans are exposed.>
The liver, as a major organ for xenobiotic metabolism and NPs accumulation, is a primary target for nanomaterial-induced
toxicity.*>* It is, therefore, critically important to evaluate the potential of these materials to enhance cancer cell aggressive-
ness in hepatic contexts,” particularly those related to enhanced aggressive phenotype such as enhanced migration and
invasion,”® induced by chronic exposure to low dose of aged ZnO NPs.>’

Here, we employed a chronic exposure model combined with transcriptomic profiling in HepG2 cells, aiming to compare
the effects of fresh versus aged ZnO NPs while acknowledging the potential confounding role of long-term selection
pressures. To control for batch effects and isolate the NP-specific impact, all experimental groups (fresh or aged NPs groups
and control groups) were cultured in parallel and passaged synchronously throughout the 16-week exposure period. Our
analysis included identifying DEGs, conducting functional enrichment analyses (GO, KEGG, GSEA), and constructing a TF-
mRNA regulatory network to identify key regulators. The clinical relevance of these findings was further assessed by
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correlating key TFs with patient survival data in hepatocellular carcinoma (HCC), and experimental validation was performed
using RT-qPCR and Transwell assays. Collectively, our data indicate that chronic exposure to aged ZnO NPs is associated with
a more aggressive phenotype in HCC. This phenotypic shift may result from the direct transcriptional changes induced by the
NPs or the selective enrichment of a pre-existing aggressive subpopulation over the prolonged culture period—processes that
our present study cannot fully disentangle but are important to acknowledge.”®

Functional assays provided direct evidence supporting the enhanced aggressive capabilities induced by aged ZnO
NPs. Transwell assays showed that chronic exposure to aged ZnO NPs significantly augmented the migratory and
invasive capacities of HepG2 cells compared to both control and fresh ZnO NP-treated groups. This suggests that
transformed NPs are more potent in promoting behaviors associated with enhanced aggressive phenotype. This finding is
consistent with reports that certain nanomaterials can enhance aggressive behaviors. For instance, a study on platinum
NPs revealed that they promote breast cancer metastasis by disrupting the vascular endothelial barrier through
a mechanism involving ROS-induced damage to intercellular junctions.”® Our results contribute to this body of evidence
by specifically highlighting that environmental aging is a crucial factor that can modulate the potential of ZnO NPs to
promote an aggressive phenotype in HepG2 cells.

To decipher the molecular mechanisms underlying the differential effects of fresh and aged ZnO NPs, we conducted
a comprehensive transcriptomic analysis. KEGG and GSEA revealed differences in pathway enrichment profiles between the
two treatments. Fresh ZnO NPs appeared to primarily affect pathways related to basic cellular metabolism (eg., Tyrosine and
Phenylalanine metabolism) and signal transduction (eg., Calcium signaling pathway). In comparison, aged ZnO NPs showed
significant enrichment in pathways implicated in cancer progression, notably the cytokine-cytokine receptor interaction and
the JAK-STAT signaling pathway, which have been reported as regulators of cell proliferation, migration, and invasion.®’
GSEA validated the up-regulation of core processes like cellular extravasation, positive regulation of cell motility, and
cytokine-mediated signaling pathway in aged NPs compared to fresh NPs. This coordinated activation of pro-migratory
signaling networks provides an important mechanistic basis for the enhanced invasive phenotype we observed.”' GO term
analysis provided supporting evidence, showing that aged NPs were associated with biological processes such as epithelial cell
proliferation, positive regulation of cell motility, and extracellular matrix organization. This observed reshaping of the
transcriptome induced by aged ZnO NPs, characterized in part by the activation of pro-oncogenic signals and the alteration
of adhesion-related pathways, provides a plausible mechanistic explanation for their enhanced ability to promote cell
migration and invasion observed in our phenotypic assays.

Transcription factors are DNA-binding proteins that regulate gene expression by controlling the initiation of
transcription.®>®® They function as key molecular switches, and their dysregulation is frequently associated with disease
pathogenesis.** Given this critical role, identifying which specific TFs drive the transcriptional response to a stimulus is
a central goal in mechanistic toxicology. To achieve this goal in our model, we constructed a TF-mRNA regulatory network by
integrating our sequencing data with known malignancy-associated TFs. This analysis identified 89 highly interconnected
TFs, from which we prioritized 9 pivotal TFs-CEBPA, CTNNB1, STAT3, CEBPG, EGR1, NR3C1, SP1, STAT5A, and TP53
-based on their high connectivity and significant differential expression. Experimental validation confirmed consistent
expression trends for these TFs between RNA-seq and RT-qPCR data. To explore the potential clinical relevance of our
in vitro findings, survival analysis using clinical data from HCC patients was performed. It revealed that elevated expression of
CEBPA, CTNNBI, and STAT3 was significantly associated with poor patient prognosis. Although this correlation does not
prove a direct causal link between NP exposure and clinical outcomes, it raises the possibility that the transcriptional signature
(ie., co-upregulation of these three TFs) identified in our cellular model may reflect a molecular state pertinent to a more
aggressive disease course in patients. This observation lends support to the potential pathophysiological relevance of the
mechanisms proposed in this study. CTNNB1 (B-catenin), the central effector of the Wnt signaling pathway, drives enhanced
aggressive phenotype by enhancing cell proliferation and migration when it accumulates in the nucleus.®> STAT3, a key
signaling molecule, promotes cancer cell survival, proliferation, and immune evasion upon persistent activation.®® CEBPA, an
important regulator of hepatocyte differentiation and metabolism, is a well-characterized tumor suppressor frequently
inactivated in HCC.®” However, its role is highly context-dependent. The observed up-regulation of CEBPA in our model,
particularly in concert with CTNNBI and STAT3, suggests a potential pathological rewiring of its function under chronic
stress. This suggests a potential functional alteration or dysregulation under chronic NP stress. This could involve a shift in its
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transcriptional program towards supporting stress adaptation and anabolic processes, or a change in its interaction with the
broader oncogenic signaling network involving Wnt/B-catenin and STAT3 pathways.®® The concerted up-regulation of these
factors by aged ZnO NPs suggests a synergistic oncogenic network: CEBPA may facilitate metabolic adaptation, CTNNB1
drives proliferative signaling, and STAT3 enhances cell survival and invasiveness. This network likely contributes to the
observed aggressive phenotype. Our study provides the first evidence that under chronic exposure to aged ZnO NPs, the
concerted up-regulation of CEBPA, CTNNBI, and STATS3 is critically associated with increased aggressiveness in HCC cells.
This finding suggests that these three TFs may form a synergistic oncogenic network, potentially through metabolic
reprogramming, enhanced proliferative signaling, and immune evasion, thereby playing a pivotal role in aged ZnO NP-
induced aggravation of hepatocellular carcinoma malignancy. Further investigation into the specific roles of these TFs,
particularly how aged ZnO NPs modulate their activity, will be crucial for understanding the detailed mechanism of action.
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Figure 8 Schematic representation of the proposed mechanism for promoting malignant behaviors induced by aged ZnO NPs in HepG2 Cells. Arrows (1) denote
enhancement of the indicated cellular phenotypes and the cross symbol (%) indicates reduced phosphorylation of B-catenin in the pathway.
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While this study provides novel insights into the chronic effects of environmentally aged ZnO NPs, several limitations
should be acknowledged. First, the findings are based on a single in vitro hepatocellular carcinoma model (HepG2). Future
studies employing additional cell lines (including non-cancerous hepatocytes) and in vivo models are necessary to assess the
generalizability of these observations. Second, although our transcriptomic data strongly implicate pathways such as JAK-
STAT and Wnt/B-catenin, the functional activation of these pathways and the specific role of identified transcription factors
(eg., STAT3, CTNNBI) were not directly validated at the protein or functional level. Experiments utilizing pathway-specific
inhibitors, siRNA knockdown, or luciferase reporter assays are warranted to establish causality. Third, the chronic exposure
paradigm itself introduces interpretative complexity. The observed phenotypic shift could result from a combination of the
differential gene expression directly induced by the NPs, adaptive cellular reprogramming, the selective pressure leading to
clonal evolution, or the biological effects of sustained Zn>" ion release.®” Our experimental design controlled for batch effects
via parallel culture, but cannot definitively disentangle these intertwined possibilities. Future single-cell sequencing or
lineage-tracing studies could help resolve the contribution of selection versus induction. Addressing these limitations in
subsequent work will be crucial for a definitive mechanistic understanding.”

Conclusion

In summary, this study demonstrated that although aged ZnO NPs exhibit reduced acute cytotoxicity compared to fresh NPs,
they are associated with a greater capacity to promote an aggressive phenotype in HepG2 cells following low-dose, long-term
exposure. Transcriptomic and functional analyses suggest that this phenotypic shift may be linked to the modulation of pro-
oncogenic pathways (eg., JAK-STAT and Wnt/B-catenin) and the differential expression of a key transcriptional network
(CEBPA, CTNNBI, STAT3), a proposed mechanism summarized in Figure 8. The clinical correlation of this network with
poor patient survival adds potential pathophysiological relevance to our in vitro observations. It is important to acknowledge
the study’s limitations. The observed effects may stem from a combination of direct NPs action, sustained Zn>" release, long-
term adaptive cellular reprogramming, and/or clonal selection. Additionally, findings from the single HepG2 cell line model
require further investigation for generalizability. Nevertheless, our work underscores that environmental aging is a critical
factor modulating the long-term biological impact and potential health risks of ZnO NPs. It highlights the necessity of
incorporating nanomaterial transformation into environmental and health risk assessments.
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