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equally and are co-first authors. Although the role of metallothionein (MT) in various cancers has been extensively
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resulting in cancer cell growth inhibition. In contrast, the GO-Rg3 combination group
showed an upregulation of MT genes, indicating reduced toxicity and oxidative stress
upon Rg3 conjugation. Finally, the GO-Rg3-DOX complex exhibited significant cellular
association with minimal toxicity in Huh7 cells, leading to the downregulation of Wnt
signaling and cell cycle pathways. Overall, our study clearly demonstrates that the GO-
Rg3-DOX complex has significant anticancer therapeutic potential, which warrants
further in vivo studies.
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Introduction
Graphene oxide (GO) is an attractive nanocarrier with high loading capacity for antican-
cer drugs. GO also plays a significant role in other applications, including biosensing/
bioimaging, nano-detecting, gene/drug delivery, tissue engineering, and regenerative
medicine (Guo et al. 2011; Si and Lang 2018; Wang et al. 2012; Yang et al. 2011). How-
ever, the cellular absorption mechanisms for GO can potentially trigger GO-induced
toxicity to liver cells (HepG2, Huh7) and macrophages (Lammel et al. 2013; Li et al.
2012; Rahimi et al. 2023; Rahimi et al. 2022). GO can supply electrons to electron trans-
port chain complexes I and II by acting as an electron donor to induce reactive oxygen
species (ROS) mediated cytotoxicity. Moreover, GO can also modulate genes involved
in oxidative phosphorylation, which perturbs mitochondrial functioning. Our previ-
ous study demonstrated GO induces ROS-mediated cytotoxicity through the reduced
expression of glutathione biosynthesis genes and decreased ROS scavengers. Moreover,
GO targets overexpressing genes involved in the IL-6/JAK/STAT3 pathway that plays
a crucial role in the growth and development of several cancers (Johnson et al. 2018;
Rahimi et al. 2023). Another report demonstrated that GO at lower doses administered
to prostate cancer (PC3) cells induced proliferation by activation of the PI3K/AKT/
mTOR and TGF-f signaling pathways (Zhu et al. 2020). As a result, GO alone is consid-
ered more detrimental, despite its commendable biological features. Therefore, devel-
oping alternate approaches that minimize GO-induced toxicity can help to ensure their
long-term use.

Functionalization of graphene nanomaterials with biocompatible molecules alters the
physicochemical properties of GO, resulting in lower cytotoxicity and better biocompat-
ibility both in vitro and in vivo (Jiang et al. 2021; Qu et al. 2018; Zhang et al. 2017). The
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ginsenoside Rg3 is a major ginsenoside known for its significant therapeutic effects in
various liver diseases, including hepatocellular carcinoma (HCC), through the activation
of various cell death mechanisms, such as apoptosis and autophagy, which involve regu-
latory inputs of multiple signaling pathways. Rg3 is also known to inhibit cancer cell pro-
liferation by suppressing angiogenesis and migration, including HCC cells. Despite the
tremendous advantages of Rg3, its applications are limited because of its low molecular
weight, poor solubility, and limited bioavailability (Wang et al. 2024).

Metallothionein (MT) is a cysteine-rich protein considered a potent antioxidant due
to its high sulfhydryl content, which can effectively scavenge free radicals and prevent
oxidative damage to cells, thus being involved in metal detoxification (Roesijadi 1996;
Yang et al. 2024). The MT family contains 11 active genes in humans, which are divided
into four classes, M1, M2, M3, and M4; M1 and M2 are expressed in various organs
and tissues, MT3 is mainly expressed in the brain, and MT4 is expressed in squamous
epithelial cells (Moffatt and Séguin 1998; Sutherland and Stillman 2014). They bind to
metal ions and protect cells from metal-induced toxicity by maintaining cellular homeo-
stasis. However, MT gene expression largely varies depending on the cancer cell type,
and its regulation contributes to protection against DNA damage and apoptosis. MTs
are also involved in tumor growth, cancer cell progression, metastasis, and drug resist-
ance. For instance, MT genes are highly expressed in breast, ovarian, nasopharyngeal,
urinary bladder, and melanoma cancers and are often downregulated in prostate and
papillary thyroid carcinomas (Si and Lang 2018; Yang et al. 2024). Their expression var-
ies even among lung cancer cell types. For example, MT expression is observed in squa-
mous cell carcinoma of the lung and adenocarcinoma, but not in small cell lung cancer
(Si and Lang 2018). Thus, a better understanding of MT expressions in various cancers
will aid in identifying specific targets and effectively treating cancer. Therefore, our study
aimed to understand the role of MT genes in GO-Rg3-DOX treatment of hepatocarci-
noma cells and how GO-Rg3-DOX inhibits the growth of cancer cells while inducing
cell cycle arrest and obstructing the Wnt signaling pathway. To accomplish this, we used
RNA sequencing (RNA-seq) and subsequently validated the data using quantitative PCR
(qPCR).

Material and methods

Preparation of GO-Rg3 and GO-Rg3-DOX

Ultra-highly concentrated single-layer GO was bought from the Graphene Supermarket.
GO-Rg3 was synthesized by esterifying GO and Rg3 in the presence of concentrated
sulfuric acid, and GO-Rg3-DOX was synthesized by mixing GO-Rg3 with DOX over-
night at pH 8 (Fig. 1) (Rahimi et al. 2023).

Sample information

Human Huh?7 hepatoma cells were grown at 37 °C and 5% CO, in Dulbecco’s Modified
Eagle’s Medium containing 4500 mg L™ glucose, further supplemented with 10% fetal
bovine serum, 100 U mL~! of penicillin, and 100 pug mL™! of streptomycin. The cells
were treated with (i) GO, (ii) GO-Rg3, and (iii) GO-Rg3-DOX (Rahimi et al. 2023).
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Fig. 1 Schematic representation of synthesis of GO-based nanoparticles

Dataset information

Previously, our original RNA-seq datasets were uploaded to the NCBI GEO database
and received the accession number GSE185139. In this study, we downloaded our own
datasets and reanalyzed them for a deeper understanding of cellular—metal associations
and their transcriptomic responses. The datasets consisted of more than 12 samples
grouped as GO alone, GO-Rg3, GO-Rg3-DOX, or untreated. Each group had three
replicate datasets of Huh7 cells.

Data processing

The unprocessed raw data from each group were processed to remove low-quality and
unread information, and we discovered 317,556 genes in the 12 samples. The scatter plot
of the GO versus control groups revealed good-quality reads, with a linear regression
score of R=0.980. Similarly, the linear regression values for GO—Rg3 versus control and
GO-Rg3-DOX versus control groups were 0.989 and 0.961, respectively (Fig. 2a). Prin-
cipal component analysis (PCA) clearly demonstrated the percentage variance across
groups and revealed substantial differences among the three groups (Fig. 2b).

Differentially expressed analysis

Differentially expressed analysis was performed for each group exposed to the GO, GO-
Rg3, and GO-Rg3-DOX combinations compared to untreated groups. This revealed
significant transcriptomic changes in each group, and differentially expressed genes
(DEGs) were observed, which included both upregulated and downregulated genes. To
distinguish between up- and down-regulated genes, we performed volcano plots by set-
ting a log2-fold change and p-value cut-off. Gene network analysis was performed using
string network analysis (https://string-db.org/) to reveal interactions between genes and

their associated molecular pathways.

Gene ontology enrichment analysis
For functional annotation studies, we performed gene ontology enrichment analysis,
which included biochemical processes, cellular components, and molecular functions.
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For the analysis, we used two different platforms, gProfiler (https://biit.cs.ut.ee/gprof
iler/gost) and DAVID (https://david.ncifcrf.gov/home.jsp), to compare the best and well-
defined annotation information. To identify significant DEGs from each sample group,
both analytical tools listed important entities involved in biochemical processes, cellular
components, and molecular functions. Based on the probable similarity score, p-value,
gene counts, and false discovery rate (FDR) score, we shortlisted the most enriched
terms to interpret the genes from each sample group involved in molecular function.

Gene set enrichment analysis

GSEA analysis (GSEA) was conducted (https://www.gsea-msigdb.org/gsea/index.jsp) for
specific DEGs that significantly contributed to the determination of the molecular path-
ways involved. This method analyzes almost all genes from each cell type and its subsets
without using a gene filtering threshold. The data were evaluated using the normalized
enrichment score, which measures the enrichment of each pathway on the list. Positive
and negative net values indicate enrichments at the top and bottom of the list, respectively.

Reverse transcription quantitative PCR

Cells were seeded onto 6-well plates at a density of 4 x 10° cells per well and cultured for
24 h before treatment with GO, GO-Rg3, GO-Rg3-DOX, and DOX for 6 h. Medium
was used as the negative control. Three replicates were performed for each treatment.
After treatment, the cells were washed three times with phosphate-buffered saline.
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany), and its
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quality was examined using a Bioanalyzer (Agilent, Santa Clara, CA, USA) and an Agi-
lent RNA 6000 Nano Kit (Rahimi et al. 2023). Specific reverse transcription qPCR prim-
ers were designed for these genes (Table S1). The beta actin gene was used as an internal
reference. cDNA was synthesized from isolated RNA. Gene expression was analyzed
using qPCR (Peng et al. 2010). The relative gene expression values were assessed using
Agilent Technologies Stratagene Mx30005 P and calculated according to the manufac-
turer’s instructions (Chen et al. 2005).

Statistical analysis

Genes differentially expressed were defined as an adjusted p-value (Benjamini—-Hoch-
berg analysis) of less than 0.05 and a fold change greater than twofold. In all gene ontol-
ogy and GSEA experiments, an adjusted p-value (Benjamini—Hochberg analysis) of less
than 0.05 was used to detect significant enrichment.

Results and discussion

GO-Rg3-treated cells show a similar pattern of gene expression as control cells

The ultra-concentrated, single-layer graphene oxide (GO) was procured from Graphene
Supermarket. According to the supplier’s specifications, the product contains over 80%
single-layer GO with flake sizes ranging from 0.5 to 5 pm. To achieve uniform and con-
sistent flake dimensions, the GO dispersion was subjected to probe sonication for 1.5
min. Post-sonication, the average GO lateral size was measured as 181.38+2.2 nm,
and the thickness was found to be 1-2 nm, as determined by atomic force microscopy
(AFM). Upon conjugation with ginsenoside Rg3 and subsequent loading of doxorubicin
(DOX), the flake size increased to 1.5-2 um. The presence of DOX on the GO-Rg3 com-
plex was visualized as nanoscale dots corresponding to increased height profiles on the
GO surface, also confirmed by AFM. No sedimentation or turbidity change after hours/
days at 4 °C and under mild shaking indicates physical stability.

To demonstrate the effect of Rg3 and DOX conjugated with GO on hepatocarcinoma
cells, we performed gene expression analysis of Huh7 cells treated with GO, GO-Rg3,
and GO-Rg3-DOX and compared them to the untreated control cells. A scatter plot
of the transformed expression of the three different groups (GO, GO-Rg3, and GO-
Rg3-DOX) compared to that of the untreated control group showed a linear relation-
ship (Fig. 2a). The PCA demonstrated that the treatment and control samples could
be distinctly classified (Fig. 2b). In addition, the GO-Rg3 treated samples exhibited a
slight variance compared to the control samples (Fig. 2b), proving the biocompatibility
of GO-Rg3 compared to GO alone. In the case of DEGs, only a few genes were differen-
tially expressed (10 upregulated and 39 downregulated genes) following GO-Rg3 treat-
ment compared to the control (Fig. 2c). The Venn diagram indicates that 11 genes were
uniquely differentially expressed following GO-Rg3 treatment compared to the control
(Fig. 2d). In contrast, 333 and 521 genes were uniquely differentially expressed by GO
and GO-Rg3-DOX, respectively, compared with the control. The heat map of gene
expression in the GO-, GO-Rg3-, and GO-Rg3-DOX-treated groups compared with
the untreated control group displayed four gene clusters (A-D) (Fig. 2e). Interestingly,
the heat maps of the control and GO-Rg3 groups showed similar patterns for all gene
clusters.
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GO induces growth- and angiogenesis-related genes and downregulates MT genes

To demonstrate the effect of GO on gene expression in Huh7 cells, we performed RNA-
seq analysis of GO-treated cells and compared them to untreated control cells (Fig. 3a).
The heat map of gene expression of GO-treated and control groups showed 991 and 501
upregulated and downregulated genes (Fig. 2c). Gene ontology analysis (Biological Pro-
cess and Molecular Function) of the top DEGs indicated that they function in the cel-
lular response to cadmium ions, stress response to metal ions, growth, cellular response
to metal ions, hydrogen peroxide biosynthetic process, dibenzo-p-dioxin metabolic pro-
cess, cellular response to erythropoietin, omega-hydroxylase P450 pathway, transition
metal ion binding, ion binding, estrogen 2-hydroxylase activity, hydroperoxy icosatetrae-
noate dehydratase activity, aromatase activity, and heme binding (Fig. 3d).

Among the top DEGs, metallothionein (MT) genes, including MT2A, MT1E, MT1A,
MT1B, MT1F, and MT1X, interacted with each other in the GO-treated group, with
common functions in the cellular response to cadmium ions, stress response to metal
ions, growth, cellular response to metal ions, transition metal ion binding, and ion bind-
ing (Fig. S1a).

It has been previously shown that in HCC (Lammel et al. 2013; Li et al. 2012),
downregulation of MT expression is associated with poor prognosis. MT1 and MT2
are important prognostic markers in HCC. Loss of nuclear expression of MT1 and
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MT?2 is associated with a high Edmondson—Steiner grade, microvascular invasion,
and poor prognosis (Park and Yu 2013). MT1 and MT2 double knockout accelerates
hepatocarcinogenesis in mice exposed to the carcinogen diethylnitrosamine (Majum-
der et al. 2010).

In an attempt to identify prognostic biomarkers for predicting biochemical recur-
rence of prostate cancer, 455 DEGs were identified. MT1E downregulation is a poten-
tial biomarker of early biochemical recurrence and poor prognosis in patients with
prostate cancer (Demidenko et al. 2017). MT1E enhances the migration and invasion
of human glioma cells by inducing MMP-9 inactivation via the upregulation of NF-«xB
p50 (Ryu et al. 2012). MT1E may function as a potent tumor suppressor in HCC, and
its decreased expression leads to abnormal cell metastasis (Liu et al. 2020). Simi-
larly, the expression of MT1F in HCC tissue correlated with growth suppression and
exogenous MT1F showed a strong growth-inhibitory effect on HepG2 cells (Lu et al.
2003). Thus, our results on the downregulation of MT1F and MT1E (Fig. 3b) due to
GO treatment may be correlated with the enhanced growth of Huh7 cells, which was
previously reported by our group (Rahimi et al. 2023).

In addition to MTs, we found DEGs with biological functions in growth (FGF?7,
BDNF, PRKG1, DUOX2, ACVRLI, and KCNJ8) in the GO-treated group compared to
the control. FGF7, BDNF, PRKG1, and KCNJ8 were downregulated, whereas DUOX2
and ACVRL1 were upregulated. Among these genes, FGF7, BDNF, and PRKG1 inter-
act with each other.

Regarding the enrichment of gene sets, extracellular matrix (ECM)-receptor inter-
action, EGFR tyrosine kinase inhibitor resistance, and hypoxia-inducible factor-1
(HIF-1) signaling gene sets were enriched with positive enrichment scores, whereas
oxidative phosphorylation, Wnt signaling, and ribosome-related gene sets were
enriched with negative enrichment scores (Fig. S1b). The rapid proliferation of can-
cer cells leads to rapid consumption of tissue oxygen. Thus, the oxygen consumption
rate exceeds the oxygen rate supplied by the circulation, leading to hypoxia (McK-
eown 2014). The hypoxic state results in a series of adaptive responses that are mainly
mediated by HIFs. The human genome encodes three different HIF subtypes: HIF-1a,
HIF-2a and HIF-3a (Guo et al. 2020). In our study, the increased proliferation of Huh7
cells, along with HIF-1 signaling gene set enrichment, may be a potential indicator of
hypoxia in GO-treated cells. Consistent with our results, Mukherjee et al. previously
reported the angiogenic properties of GO (Mukherjee et al. 2015). They suggested
that the intracellular formation of reactive oxygen species and reactive nitrogen spe-
cies as well as the activation of phosphorylated endothelial nitric oxide NOS and Akt
might be probable mechanisms for GO-induced angiogenesis (Mukherjee et al. 2015).
The unwanted effects of GO carriers on cell proliferation and angiogenesis suggest
limitations in using GO alone as a drug carrier for cancer treatment.

In addition to the unwanted effects of GO carriers on proliferation and angio-
genesis, downregulation of oxidative phosphorylation genes was observed in the
GO-treated group (Fig. S1b). This was consistent with the effect of GO on the down-
regulation of oxidative phosphorylation complex genes in glioblastoma (Szmidt et al.
2019). Furthermore, Zhou et al. (2014) showed that polyethylene glycol-modified GO
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significantly impaired mitochondrial oxidative phosphorylation in breast cancer cells
but did not affect oxidative phosphorylation in non-cancerous cells (Zhou et al. 2014).

Conjugation of GO with Rg3 reduces its unwanted effects on growth

and angiogenesis-related genes

To determine whether conjugation of Rg3 with GO could reduce the toxicity of GO,
we performed RNA-seq analysis on control and GO-Rg3-treated Huh7 cells. The sig-
nificantly downregulated (blue) and upregulated (red) genes are represented in a volcano
plot (Fig. S2a). Among the 49 genes that were differentially expressed by GO-Rg3, 10
were upregulated and 39 were downregulated (Fig. S2d). The ECM-receptor interaction,
JAK-STAT signaling pathway, and longevity-regulating pathway-related gene sets were
positively enriched, whereas the oxidative regulation, proteasome, and ribosome-related
gene sets were negatively enriched (Fig. S2f).

When we compared the heat map of gene expression in the GO—Rg3-treated group
with that in the GO-treated group (Fig. 4), we found 191 upregulated and 573 down-
regulated genes (Fig. 4c). Cell cycle, basal transcription factors, and DNA replication
gene sets were positively enriched, whereas cytokine—cytokine receptor interaction,
Notch signaling pathway, and HIF-signaling pathway gene sets were negatively enriched
in GO-Rg3 compared to those in GO (Fig. S3a). Gene ontology analysis (Biological
Process) of the top DEGs revealed that genes with biological functions such as stress
response to metal ions, detoxification of inorganic compounds, intracellular zinc ion

homeostasis, response to copper ions, response to zinc ions, detoxification, response to
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inorganic substances, cellular response to inorganic substances, negative regulation of
growth, intracellular chemical homeostasis, cellular homeostasis, and chemical homeo-
stasis were enriched (Fig. 4e). Interestingly, the MT genes, MT1F, MT1X, and MT1E,
which were downregulated by GO, were upregulated by GO-Rg3 (Fig. 4b). We further
validated the RNA-seq results for the MT genes using qPCR. GO induced the down-
regulation of MT genes compared to the control group (Fig. 5); however, there was no
significant difference in the expression of MT genes, except for MT2A, between the
GO-Rg3 and control groups. In fact, the MT genes were negatively regulated by GO
treatment, whereas GO—Rg3 treatment had the opposite effect. The confirmation of MT
protein-level could further strengthen our findings. As such, future studies will include
targeted proteomic approaches (e.g., ELISA or LC-MS/MS) to validate specific MT iso-
form changes at the protein level.

As previously described by our group (Rahimi et al. 2023), GO-Rg3-treated Huh7
cells showed no significant difference in growth compared with untreated control cells.
Thus, the upregulation of MTs, enrichment of the negative regulation of growth-related
genes, and normal cell growth support the hypothesis that Rg3 conjugation mitigates
GO toxicity. Another finding supporting this is that the HIF-1 gene set that was posi-
tively enriched by GO was negatively enriched by GO-Rg3. The antiangiogenic proper-
ties of Rg3 have been well studied (Cao et al. 2017; Nakhjavani et al. 2020; Tang et al.
2018; Yue et al. 2006). Rg3 prolonged the survival of an orthotopic HCC model by induc-
ing apoptosis and inhibiting angiogenesis. In fact, Rg3 can initiate apoptotic progress in
liver tumors, which is followed by the weakening of the tumor volume and capability to
produce a vascularized network for further tumor growth and remote metastasis (Hu
et al. 2019). Based on the results presented herein, GO-Rg3 can be considered a bio-
compatible drug carrier for cancer treatment.

GO-Rg3 loaded with DOX affects contractile machinery, induces cell death,

and inflammatory responses

Doxorubicin is widely used to treat HCC (Park et al. 2006; Yeo et al. 2005). To further
investigate the GO-Rg3 drug carrier, we performed RNA-seq analysis of GO-Rg3
loaded with DOX and treated Huh7 cells and used untreated cells as a comparison
(Fig. 6a). The heat map of the GO-Rg3-DOX-treated group compared with the control
group showed that 2619 genes were upregulated, and 2972 genes were downregulated by
GO-Rg3-DOX (Fig. 6¢). The ECM-receptor interaction, lysosome, cell adhesion mol-
ecule, and drug metabolism gene sets were positively enriched, whereas the Wnt signal-
ing, cell cycle, and cellular senescence gene sets were negatively enriched (Fig. S4b).

In Fig. S4a, we show the upregulation of the ACTA1 (actin alpha 1) gene as well as
the enrichment of genes with biological functions in actin-mediated cell contraction,
actin filament base movement, muscle contraction, and related genes with cellular
compartment actin filaments in response to GO-Rg3-DOX compared to the control.
Actin acts as the backbone of numerous cellular processes, including cell morphology,
cellular and organelle migration, nuclear and cellular division, and muscle contraction.
Upadhyay et al. (2021) reviewed the contractile machinery and factors associated with
DOX toxicity in patients receiving chemotherapy (Upadhyay et al. 2021). Previous stud-
ies have shown that doxorubicin disrupts actin polymerization, leading to stress-fiber
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disorganization, cortical actin ring formation, and changes in cellular adhesion and mor-
phology—both in cytoplasmic and nuclear actin networks (Fourre et al. 2008; Pfitzer
et al. 2019; Wei et al. 2015). In addition, DOX hindered actin synthesis at both the tran-
scriptional and translational levels by decreasing mRNA abundance and myofilament
loss in rat heart (van der Zanden et al. 2021).

When we compared GO-Rg3-DOX- and GO-treated cells (Fig. 7a), we found that
3116 genes were upregulated, and 2059 genes were downregulated by GO-Rg3-DOX
compared with GO (Fig. 7e). The ribosome and oxidative phosphorylation genes that
were downregulated by GO (Fig. 2f) were upregulated by GO-Rg3-DOX compared to
GO (Fig. S5). Furthermore, the top DEGs with biological functions related to cell death
identified in the GO-Rg3-DOX group but not in the GO group included PTGER3,
RASSE2, COMP, PAX4, LHX3, PPARGC1A, CXCR4, IRF5, HEY2, IL6, PAK6, ACTA1,
ITGB2, PF4, AZU1, EGR3, DIO3, and DLL1 (Fig. 7d). As shown in Fig. 7b, AZU1, EGR3,
DLL1, PF4, CXCR4, and PTGER3 were upregulated, and PPARGC1A was downregu-
lated by GO-Rg3-DOX compared to GO. In addition, DEGs with biological functions
related to the positive regulation of the tumor necrosis factor superfamily cytokine pro-
duction (IL17F, CCR2, IL6, PF4, and AZU1) were identified. Gene ontology analysis
(Cellular Component and Molecular Function) of the GO-Rg3-DOX treatment group
compared to the GO-treated group identified the top DEGs related to chromatin, pro-
tein—DNA complex, chromosome, transcription regulator complex compartments, and
the top DEGs with molecular functions in DNA-binding transcriptional activator activ-

ity, RNA polymerase II cis-regulatory region sequence-specific, transcription regulator
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activity, and transcription regulatory region nucleic acid binding. In fact, the classical
mechanism of action of DOX is to inhibit topoisomerase II, wherein DOX intercalates
into DNA, inhibiting the topoisomerase II catalytic step that re-ligates the broken DNA
strand after the initial DNA break induction by the enzyme. This ultimately results in
enzyme-mediated DNA damage in the form of a double-strand break, which activates
DNA damage response and TP53 pathways, leading to cell cycle arrest and cell death
(van der Zanden et al. 2021).

Overall, in comparison to GO, the cell response to GO-Rg3-DOX elicits DEGs
involved in cell death and transcription regulation, and negative enrichment of cell cycle,
which coincided with the reduced viability of GO-Rg3-DOX-treated Huh cells (Rahimi
et al. 2023). This suggests the potential role of DOX in cell cycle arrest and cell death.
The effect of GO—Rg3-DOX on reduced viability of human breast cancer MDA-MB-231
cells was also previously assessed by our group.

We further validated the RNA-Seq data on cell cycle pathway genes using qPCR. In
fact, there was no significant difference in the expression of cell cycle pathway genes,
such as CDC6, BUB1B, and TTK by GO treatment compared to that in the con-
trol. Additionally, Wnt signaling pathway genes, such as DKK1, FRAT2, FZD4, and
S1AHI1, were also evaluated after GO treatment. This result indicated that DKK1 was
significantly downregulated, whereas other genes, such as FRAT2, FZD4, and S1AH1,
showed no significant differences, and their expression patterns were similar to those
of the control, suggesting that GO treatment did not contribute to the inhibition of
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the cell cycle pathway. Interestingly, when cells were treated with GO-Rg3-DOX,
approximately half of the genes involved in the cell cycle (CDC6 and TTK) and Wnt
signaling pathways (DKK1 and FRAT2) were significantly downregulated, indicating
that GO-Rg3-DOX significantly contributed to Huh7 cell death (Fig. 8).

In the case of the inflammatory response to GO-Rg3-DOX, we found that genes
with molecular functions in cytokine activity were differentially expressed by GO-
Rg3-DOX compared with the control (Fig. S4a). Moreover, the top DEGs (SELE,
PTGER3, PLA2G10, SIGLEC1, IL17F, CCR2, CXCR4, IRF5, IL6, ITGB2, PF4,
SCN11A, and AZU1) involved in the inflammatory response were associated with the
GO-Rg3-DOX-treated group compared to the GO-treated group (Fig. 7d). Further-
more, genes with molecular functions in cytokine receptor binding (IL11, PYCARD,
IL17F, IL6, LEFTY2, PPBP, and PF4) were differentially expressed in response to GO—
Rg3-DOX compared with GO-Rg3 (Fig. S5).

Indeed, numerous studies have demonstrated the favorable biocompatibility of
tumor-targeted graphene oxide (GO)-based nanocarriers, such as those conjugated
with polyethylene glycol (PEG), folic acid, or peptides (Perini et al. 2021; Shang et al.
2014; Swidan et al. 2023). In comparison, our GO-Rg3-DOX system leverages the
natural anti-inflammatory and antioxidant properties of ginsenoside Rg3, which may
offer distinct advantages over synthetic targeting ligands. Importantly, our findings
showed that GO-Rg3 did not significantly change the expression of metallothio-
nein genes, which are stress-inducible markers in response to nanotoxicity and sig-
nificantly downregulated by GO. This suggests that the Rg3 component may mitigate
GO-associated stress responses at the transcriptional level. While direct comparisons
are challenging due to differences in model systems and evaluation criteria, our study
complements the growing body of work on GO biocompatibility by demonstrating a
natural compound-based conjugate that shows both therapeutic synergy and reduced

hepatic stress signaling.
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Fig. 8 Validation of RNAseq results of cell cycle and Wnt pathway genes response to GO and GO-Rg3-DOX
in Huh7 cells using gPCR analysis. Data are the mean + SE of three independent replicates, analyzed using
Student’s t test. ns, not significant; *P < 0.05; **P < 0.01; **P<0.001
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Conclusions

The GO-Rg3 treated samples exhibited a slight variance compared to the control sam-
ples, proving the biocompatibility of GO-Rg3 compared to GO alone. Furthermore, the
downregulation of MT1F and MT1E genes due to GO treatment may be correlated with
the enhanced growth of Huh7 cells. The increased proliferation of Huh7 cells, along with
HIF-1 signaling gene set enrichment, may be a potential indicator of hypoxia in GO-
treated cells. Given the unwanted effects of GO carriers on cell proliferation and angio-
genesis, our in vitro results suggest limitations in using GO alone as a drug carrier for
cancer treatment; further in vivo studies are needed to fully evaluate its systemic behav-
ior and suitability.

Indeed, many multifunctional nanomaterials have been developed to achieve com-
bined therapeutic goals. However, our GO-Rg3-DOX conjugate offers a distinctive and

(2025) 16:43

practical approach that sets it apart in several important ways, including:

- Simplified fabrication process: The synthesis of GO-Rg3-DOX is based on
straightforward conjugation steps, avoiding the need for complex chemical modifica-
tions or expensive crosslinkers in previous studies (Hazhir et al. 2019; Zainal-Abidin
et al. 2020). This simplicity enhances reproducibility and scalability for future appli-

cations.

+ Cost-effective components: Both graphene oxide and ginsenoside Rg3 are commer-
cially available and relatively inexpensive compared to other high-end synthetic car-

riers or targeting ligands, reducing the overall cost of nanomaterial production.

+ Dual functionality achieved through natural product Rg3: The use of Rg3 not only
modulates the toxicity profile of GO, but also imparts intrinsic therapeutic proper-
ties (anti-inflammatory, anti-metastatic, hepatoprotective) (Zhou et al. 2018) making
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it a truly synergistic component rather than an inert stabilizer or passive carrier. This
design avoids the need to separately introduce multiple functional agents.

+ Biocompatibility advantage: In contrast to more synthetically elaborate carriers,
GO-Rg3-DOX exhibits improved biocompatibility, as supported by no significant
expression of metallothionein genes and reduced cytotoxicity by GO-Rg3.

+ Practical relevance over theoretical sophistication: While other systems may
incorporate more features, they often suffer from increased complexity, potential
immunogenicity, and difficulty in clinical translation. Our system focuses on thera-
peutically relevant, feasible improvements with minimal material complexity.

Toxicological studies on GO revealed that iron deficiency in eukaryotes and prokary-
otes is caused by binding to the O-functional groups of GO, which sequester iron and
disrupt iron-related physiological and metabolic processes [32]. Thus, one reason behind
our results regarding the top DEGs involved in the cellular response to cadmium ions,
stress response to metal ions, cellular response to metal ions, transition metal ion bind-
ing, ion binding, and downregulation of MT genes could be the disruption of iron physi-
ological and metabolic processes (Fig. 9) However, this needs to be further verified by
measuring the intra- and extracellular iron concentrations in future studies.
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enrichment.)
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