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A B S T R A C T

Metal nanoparticles (NPs) are commonly used nanomaterials, however concerns have been raised about their 
toxicity. Although a few studies have reported the toxicity of NPs on cells, they have generally been restricted to 
a limited variety of NPs, inappropriate cell lines, or culture methods. Thus, the adverse effects remain inade
quately understood, necessitating further analysis. This study focuses on assessing the impacts of diverse NPs of 
varying materials and sizes on HepaRG spheroids to determine the genes that respond to acute NP toxicity. 
HepaRG cells, the most appropriate alternative to primary hepatocytes, were cultured in 3D spheroids to better 
mimic the cellular microenvironment of the liver. To elucidate the toxicity mechanisms of NPs on HepaRG 
spheroids, transcriptome analysis was conducted by using RNA sequencing (RNA-seq). Among all NPs, lowest 
and highest numbers of differentially expressed genes (DEGs) were found for 40 nm AuNP (118 genes) and InP/ 
ZnS (1904 genes), respectively. Remarkably, processes such as drug metabolism, sensitivity to metal ions, 
oxidative stress, endothelial-mesenchymal transition (EMT) and apoptosis consistently exhibited significant 
enrichment across all NPs of different materials. Pathways related to stress responses of the cells such as the 
MAPK, p53 and mTOR pathways are found to be dysregulated upon exposure to various NPs. The genes that are 
common and unique between DEGs of different NPs were identified. These results provide novel insights into the 
toxicological mechanisms of NPs on HepaRG spheroids.

1. Introduction

Nanotechnology has emerged as a prominent area of research, 
drawing attention since the last century. At the forefront of this field are 
NPs (NPs), the fundamental units of investigation. These materials 
generally constitute a vast category of matter up to 100 nm in size, 
differing in dimensions that include 0D, 1D, 2D, or 3D [1,2]. NPs possess 
unique properties due to large surface area, mechanical strength, optical 
activity, and chemical reactivity [3]. These distinctive properties of NPs 
have led to diverse applications in a wide array of fields, such as cos
metics, food and food packaging, drug delivery and medicine, biore
mediation, paints, coatings, biosensing, and bioimaging [4,5]. Although 
NPs offer numerous advantages, they also have certain drawbacks. The 
high surface-to-volume ratio of NPs can cause cellular stress which 
consequently results in gene expression dysregulation, protein unfold
ing, DNA damage, and reactive oxygen species (ROS) production, 
leading to various health issues [6]. To assess the potential risk of injury 

to individuals exposed to NPs, it is important to understand the intrinsic 
toxicity of the substances [7]. To understand the potential hazards of 
NPs, we need further information about the mechanisms of their 
toxicity. Therefore, a thorough pathway analysis is essential to enhance 
our comprehension of the mechanisms of NP toxicity.

The liver is a pivotal organ for investigating the toxicity of NPs. 
Although most hepatic cell lines have a limited capacity for bio
activation, they can serve as an alternative to primary hepatocytes. The 
HepaRG cell line, on the other hand, is the first human cell line capable 
of in vitro differentiation into mature hepatocyte-like cells [8]. HepaRG 
cells are particularly attractive as a tool for studying differentiation, 
liver metabolism, metabolism and toxicity of drugs due to their pro
genitor nature, capacity to differentiate into biliary and hepatocyte 
phenotypes, and liver enzyme levels comparable to those of primary 
hepatocytes [9].

Toxicity tests modelled in two-dimensional (2D) cell cultures are 
overly simplistic, lack of tumor heterogeneity and cellular 

* Corresponding author.
E-mail address: urartu@bilkent.edu.tr (U.Ö.Ş. Şeker). 
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microenvironment [10]. The limitations inherent in 2D systems have 
prompted the evolution toward three-dimensional (3D) in vitro systems. 
To generate in vitro models that aptly replicate the intricacies of in vivo 
settings, the integration of 3D structures has emerged as a critical 
component that has previously been absent [11]. 3D cultures provide in 
vivo-like settings and facilitate essential cell-cell and cell-extracellular 
matrix (ECM) interactions that are essential for the regulation of cell 
behavior and function but are challenging to mimic in 2D [12]. 3D 
structures exhibit toxicity responses to external stimuli that are repre
sentative of those seen in vivo, owing to improved cell-cell and cell-ECM 
interactions [13]. For these reasons, we chose to use HepaRG spheroids 
as the toxicity testing model.

Toxicity testing lacks reliable and precise models. In the present 
research, we describe a model for toxicity testing that uses a hepatic cell 
line, HepaRG, which is the most similar model to primary hepatocytes. 
Additionally, the 3D culture of these cells increases the predictivity and 
precision of the results to in vivo studies. This study is novel in terms of 
using the HepaRG spheroids as a model for NP toxicity testing. NP 
toxicity is a concern that has arisen after the widespread use of them in 
diverse products. However, a detailed and comprehensive analysis of 
various NPs is missing. In this study, we analyze and compare the acute 
toxicity mechanism of eleven NPs of different materials and sizes. This is 
the first and most comprehensive study on NP toxicity on HepaRG cells 
because of comparing and interpreting eleven different NPs at the same 
time. Therefore, we employed four distinct types of NPs (namely AuNP, 
AgNP, TiO2NP, and QDs) of varying sizes, in conjunction with HepaRG 
spheroids, to establish a system for monitoring NP cytotoxicity. We 
aimed to investigate the acute cytotoxicity of the NPs and find the genes 
that respond to stress conditions. Thus, the cells are exposed to NPs for 
24 h. By conducting transcriptome analysis, we obtained detailed in
formation about how HepaRG spheroids respond to cytotoxicity of 
various NPs, as well as identifying DEGs whose expressions were 
significantly altered. The genes that are shown to be dysregulated are 
considered as the forefront fight mechanism of the cells against NP 
toxicity. According to our results, NPs triggered the upregulation of the 
genes involved in metal ion homeostasis, apoptosis, EMT, ROS, and 
tumorigenesis pathways.

2. Materials and methods

2.1. Reagents

HepaRG cells (Cat.No. HPRGC10), Pen/Strep and FBS were pur
chased from Thermo Scientific. William’s E Medium and hydrocortisone 
were purchased from Sigma Aldrich. Human insulin was purchased from 
pharmacy (Humulin N, 100U/mL).

2.2. Synthesis of Au, Ag, and TiO2 NPs

The colloidal dispersions of gold NPs (AuNPs) were prepared using 
two different methods: the single-phase citrate stabilized Turkevich 
approach and two-phase Martin method [14,15]. In Martin method 
[14], a stock solution ("stock-A″) of 50 mM HAuCl4 and 50 mM HCl was 
produced and stored at +7 ◦C in the dark. A second stock solution 
("stock-B″) containing 50 mM sodium borohydride and 50 mM NaOH 
was prepared and kept at +7 ◦C. To make Au NPs (about 3 nm in size), 
200 μL of stock-A with 20 mL of distilled water were mixed at room 
temperature. Next, 600 μL of stock-B solution was quickly added to the 
prepared solution and stirred for 5 min. The color of the final solution 
changed from light yellow to red. The Turkevich method [15] involves 
heating an aqueous solution containing HAuCl4 (0.04 g in 48 mL DDI 
H2O) to boiling while vigorously stirring. After 5 min of boiling, triso
dium citrate (0.07 g) was added, and the process continued for 15 min. 
The colloidal Au NPs (⁓ 80 nm in size) were cooled to room tempera
ture and kept in the dark for later use.

The colloidal solutions of AgNPs were synthesized according to the 

previously reported study with certain changes [16]. Typically, AgNO3 
(0.5 mM) was added into DDI water (100 mL) and the dispersion was 
stirred at room temperature for 10 min. Then, the as-prepared solution 
was heated to boiling and 1 mL of sodium citrate solution (1 % w/w) was 
added. The formation of Ag NPs was completed during the vigorous 
stirring for 1 h. The as-synthesized Ag NP solution was cooled to room 
temperature and kept in the dark for future use.

The colloidal dispersions of TiO2NPs with size-controlled spherical 
morphologies were synthesized using a two-step core/shell technique 
[17,18]. Polydopamine NPs were initially synthesized as starting tem
plate by in-situ polymerization of dopamine hydrochloride. For this 
purpose, an aqueous solution containing ammonium hydroxide (7 mL), 
ethanol (20 mL), and DDI water (35 mL) were mixed at room temper
ature for 5 min. Then, dopamine hydrochloride aqueous solution (50 
mg/mL) was immediately added into the as-prepared solution and 
agitated at room temperature for 16 h. PDA NPs were immediately 
collected via centrifugation-decantation method and washed with water 
and ethanol three times, respectively. A particular amount of ethanol 
(10 mL) was added to re-disperse PDA NPs (15 mg) under continuous 
stirring. Titanium isopropoxide (Ti(IP), 20 μL) was promptly added into 
the reaction medium and agitated for 1 h at room temperature. To finish 
the hydrolysis reaction, 500 μL of DDI water was added dropwise to the 
final reaction solution and mixed for 6 h. Finally, the size-controlled 
spherical TiO2NPs were promptly collected and washed with ethanol 
and water using centrifugation-decantation. Characterization of NPs: 
NPs were characterized with TEM. 10uL of NPs were added on the TEM 
grid, and incubated 10 min. Then the NP solution was discarded, and the 
grids were washed with ddH2O 2 times. Then left for drying for 10 min 
before analysis.

2.3. Cell culture

HepaRG cells were purchased from Thermo Scientific (Cat.No. 
HPRGC10). Cells were cultured in William’s E Medium (Sigma Cat.No.: 
W1878) supplemented with 10 % FBS, 100 U/ml Pen/Strep, 2 mM L- 
glutamine, 32 mU/mL human insulin and 20 μg/mL hydrocortisone 
hemisuccinate. Cells were cultured in T25 flask until 80 % confluency 
changing medium every 2 days.

2.4. MTT assay

HepaRG cells that were cultured in T25 flask were collected with 
trypsin, then seeded into the 96 well plated in a density of 30,000 cells/ 
well and cultured for 1 day. The other day, increasing concentrations of 
NPs were added on to the cells in fresh medium. Cells and NPs were 
incubated together for 24hr, and the medium was changed with 10 % 
MTT containing medium. After 4h of incubation, medium was dis
carded, and the purple crystals were dissolved in 100 μL DMSO. Mea
surements were taken with microplate reader at 560 nm.

2.5. Agarose method for spheroid formation

96 well plates were coated with 50 μL sterile 1.5 % cell culture grade 
agarose dissolved in PBS. Then HepaRG cells were seeded into the plate 
in a density of 3000 cells/well in 100 μL medium. Cells were cultured for 
4 days for the spheroids to form. At day 4, the spheroids were collected 
and put into a 6 well plate coated with 2 mL 1.5 % agarose. Then the 
appropriate concentrations of NPs were added on to the spheroids, and 
incubated for 24 h. Next day, the spheroids were collected by centrifu
gation and were subjected to RNA isolation (M&N, NucleoSpin RNA, 
Cat.No.740955.50) procedure according to the manufacturer’s protocol.

2.6. High-throughput transcriptomic sequencing

Total RNAs that are isolated from HepaRG spheroids (treated with 
gold NPs (3 nm, 15 nm, 80 nm), silver NPs (12 nm, 40 nm, 80 nm), 
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titanium NPs (25 nm, 100 nm, 300 nm) and 2 quantum dots for 24 h), 
(each NP and control group has 2 replicates). Total RNA was extracted 
using NucleoSpin (Macherey-Nagel™ NucleoSpin™ RNA, Mini Kit) 
following the manufacturer’s protocol. The quantity and quality of RNA 
were examined by Termo ScientifcTM NanoDropTM 8000 Spectropho
tometer. Library sequencing was performed on an Illumina Hiseq. 4000 
platform, to create paired-end reads with a length of 150 bp.

2.7. Bioinformatics analysis

The quality control of RNA-Seq data was conducted using the FastQC 
with default parameters. The RNA-seq data was analyzed with Hisat2, 
StringTie and Ballgown. The analysis were done as it was described 
before [19]. Clean paired-end reads were aligned to the human refer
ence genome sequence, GRCz10 version31, using Hisat2. The expression 
levels are calculated by StringTie. Differential expression analysis was 
done with Ballgown in R. The DEGs between two groups were selected 
based on the p-value<0.05 and |log2(fc)|>0.5. Volcano plots were 
plotted with ggplot package of R. To understand the functions of the 
differentially expressed genes, gene ontology (GO) and Hallmark gene 
set enrichment analysis were conducted with msigdbr package of R. 
KEGG pathway analysis was done with NIH DAVID Bioinformatics tool 
(https://david.ncifcrf.gov/tools.jsp). Heatmaps were plotted with 
ComplexHeatmap R package with the gene sets driven from GSEA gene 
lists.

2.8. Statistical analysis

The DEGs between two groups were selected based on the following 
criteria: 1) the p-value was less than 0.05 and 1) |log2 (fold change) |>
0.5. For GO enrichment analysis and KEGG pathway analysis P-val
ue<0.05 was considered statistically significant.

3. Results

3.1. Characterization of NPs

To see the effects of the different sizes and materials on the NP 
properties on cells, we used 3 different materials of NPs of 3 different 
sizes of each which are gold (3 nm, 15 nm, 80 nm), silver (12 nm, 40 nm, 
80 nm), titanium (100 nm, 300 nm and 500 nm) and we used 2 different 
quantum dots CdZnSe/CdZnS/ZnS (QD1) and InP/ZnS (QD2). The size 
and morphology of the NPs were characterized by transmission electron 
microscopy (TEM) (Fig. 1). Zeta potentials of the NPs were measured 
(Table S1).

3.2. Cell viability assays

For the differential gene expression analysis of the cytotoxicity of the 
NPs, we need to expose cells with toxic concentrations of NPs before 
RNA isolation. In this regard, we did cell viability assays to find the toxic 
concentrations of NPs of different materials and sizes on HepaRG cells. 
The viability of HepaRG cells exposed to varying concentrations of NPs 
were assessed by MTT assay. (Fig. 2). We decided to choose the toxic 
concentration of NPs which we collect mRNAs at is to be the concen
tration at which the viability is 80 %. We decided on this number, 
because we wanted the NP concentration to be toxic, however not too 
toxic to kill all the cells to enable mRNA isolation from these cells after 
NP exposure. As a result, the concentrations that resulted in 80 % 
viability are 20 μg/mL for 3 nm AuNP, 10 μg/mL for 15 nm AuNP, 10 
μg/mL for 80 nm AuNP, 20 μg/mL for 12 nm AgNP, 50 μg/mL for 40 nm 
AgNP, 200 μg/mL for 80 nm AgNP, 20 μg/mL for 25 nm TiO2NP, 10 μg/ 
mL for 100 nm TiO2NP, 10 μg/mL for 300 TiO2NP, 20 μg/mL QD1 and 
60 μg/mL QD2. Then we proceeded to collect the mRNAs after finding 
the toxic concentrations for each type and size of the NPs.

3.3. 3D spheroid culture

We used agarose-based spheroid culture method for the generation 
of spheroids. Compact and viable spheroids are formed. (Fig. 3A). It was 
previously reported that the spheroid diameter smaller than 300 μm 
prevents necrosis of the cells at the center [20]. For this reason we 
optimized the cell number accordingly, therefore, the diameter of the 
HepaRG spheroids is shown to be around 200 μm. Assessment of the 
viability of the cells inside the spheroid is done by staining the spheroids 
with Calcein-AM and propidium iodide (PI) dye. Both staining showed 
that the cells inside the spheroid are alive (Fig. 3B). Fixed spheroid 
staining was done as negative control. By the agarose coating method, 
the HepaRG spheroids were shown to be uniform and have the same 
sizes (Fig. S1A). Uniformity of the spheroids is ensured by culturing only 
one spheroid in one well of 96-well plate. Also, the viability of the 
HepaRG cells in the spheroid is ensured by optimizing the size of the 
spheroid which is around 200 μm. On day 6 of culturing, the spheroids 
are shown to be viable (Fig. S1B).

3.4. Transcriptome assembly and differential expression analysis

RNA-seq raw data was analyzed by using Hisat, and read counts were 
calculated by feature counts. RNA-Seq transcriptome was performed and 
approximately 20 million 150 bp sequence reads were obtained from 
each sequencing run from which more than 90 % were uniquely mapped 
into the human genome (Table S2). About 47–52 % of GC content was 
observed among the sequencing reads.

Transcriptomic analysis provided detailed information on how 
HepaRG cells respond to NP cytotoxicity and which genes significantly 
changed their expression. For the proceeding analysis, we set the criteria 
of p < 0.05 and |log2FC| > 0.5 for the determination of the DEGs. 
Volcano plots were generated to display the changes in the gene 
expression profiles of HepaRG cells upon NP treatment (Fig. 4A). Ac
cording to the results, 3 nm, 15 nm and 80 nm AuNP treated cells have 
370 (157 down and 213 upregulated), 116 (48 down and 68 upregu
lated), 205 (83 down and 122 upregulated) DEGs, respectively. In silver 
group, 12 nm, 40 nm and 80 nm AgNPs have 178 (60 down and 118 
upregulated), 977 (517 down and 460 upregulated) and 711 (432 down 
and 279 upregulated) DEGs, respectively. Also, 25 nm, 100 nm and 300 
nm TiO2NPs have 538 (359 down and 179 upregulated), 366 (148 down 
and 218 upregulated), and 660 (373 down 287 upregulated) DEGs, 
respectively. Lastly, QD1 and QD2 have 692 (378 down and 314 upre
gulated) and 1904 (1093 down and 811 upregulated) DEGs, respec
tively. The top 10 upregulated and downregulated genes were shown in 
for each NP (Fig. S2). There are common and unique genes between 
different sizes and materials of NPs. The number of common and unique 
DEGs among NPs were shown in Venn diagrams (Fig. 4B).

Combined DEGs for each material of NPs has given the 5 common 
genes that were enriched in all four materials of NPs, which are 
described in Table 1. Functions of these genes are related to tumor 
promotion, inflammation and EMT.

3.5. Functional analysis of DEGs

In genome wide expression studies, many DEGs are found by data 
analysis, and they need to be categorized to relate them to pathways or 
biological processes. To determine the function of DEGs and metabolic 
pathway enrichment, DEGs were subjected to gene set enrichment 
analysis. Top 10 enriched hallmark gene sets are shown (Fig. 5). Many 
upregulated genes showed enrichment in similar pathways among NPs 
that are related to heme metabolism, EMT, stress responses, tumor 
suppressor pathways, inflammatory and antioxidant pathways, and 
apoptosis. The DEGs were also analyzed by Gene Ontology gene sets 
(Fig. S3). The top enriched pathways are ribose phosphate biosynthetic 
process (GO:0046390) for 3 nm AuNP, mitochondrial DNA metabolic 
process (GO:1901858) for 15 nm AuNP, positive regulation of lipid 
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Fig. 1. Characterization of NPs with TEM.
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catabolic process (GO:0050996) for 80 nm AuNP, positive regulation of 
mitotic cell cycle (GO:0045931) for 12 nm AgNP, urea metabolic process 
(GO:0019627) for 40 nm AgNP, sulphur compound metabolic process 
(GO:0006790) for 80 nm AgNP, cellular amino acid metabolic process 

(GO:0006521) for 25 nm TiO2NP, regulation of cell-cell adhesion 
mediated by cadherin (GO:2000047) for 100 nm TiO2NP, negative 
regulation of B cell apoptotic process (GO:0002903) for 300 nm TiO2NP, 
cellular component assembly involved in morphogenesis (GO:0010927) 
for QD1 and alcohol metabolic process (GO:0006066) for QD2. 
Although many of the NPs have enriched similar pathways, the genes 
that activated these pathways were not mostly common.

To find the pathways that the DEGs were involved in, Kyoto Ency
clopedia of Genes and Genomes (KEGG) pathway analysis was carried 
out with the DEGs of each NP. In most of the NPs, we observe pathways 
related to various diseases and disorders including hepatitis, rheumatoid 
arthritis, cancer, Parkinson, Huntington (Table 2).

3.6. Liver specific genes

Human cytochrome P450 (CYP) enzymes functions in the detoxifi
cation of drugs, cellular metabolism and homeostasis and they are 
mainly expressed in the liver [28,29]. These enzymes oxidize drugs that 
would be toxic, to eliminate them from the body. There are more than 50 
CYP450 enzymes, but the isoforms of CYP1, 2, and 3 family enzymes are 
responsible with the metabolism of the drugs, especially CYP1A2, 
CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5 enzymes metabolize 
90 percent of drugs [30]. Differential expressions of many CYP450 en
zymes were observed in the NP exposed cells (Fig. 6A).

Fig. 2. Cytotoxicity of NPs on HepaRG cells for 24 h. Cytotoxicity of A) Gold NPs (3 nm, 15 nm, and 80 nm) and B) Silver NPs (12 nm, 40 nm, 80 nm) C) Titanium 
NPs (25 nm, 100 nm and 300 nm) and C) QDs (LnP/ZnS, CdZnSe/CdZnS/ZnS). Each value represents the mean ± SE of 3 repeats (N = 3).

Fig. 3. Visualization and viability assessment of 3D spheroids of HepaRG cells. 
A) Bright-field microscopy image of HepaRG spheroids. B) The viability of the 
spheroid is tested with Calcein-AM and PI. Then, another spheroid was fixed 
with 70 % ethanol for 10 min and staining was done with Calcein-AM and PI as 
control for the viability.
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3.7. Metal ion response genes

Solute Carrier proteins (SLC) are membrane-bound transporters that 
are involved in the uptake of the compounds into the cells. Their inhi
bition is related to drug resistance in some diseases, meaning that the 
drugs are transported via these transporters [31]. Overexpression of the 
metal ion SLC transporters are observed in NP exposed cells (Fig. 6B). 
AuNPs have the least to induce the expression of the SLC transporters, 
while other NPs induce the overexpression of at least 2 genes of this 
family. Once the NPs are in the cell, cellular response to metal ions is 
mostly regulated by the metallothionein family of genes (Fig. 6C). They 
act as antioxidants and they play a role in the detoxification of heavy 

metals [32]. All NPs, except 3 nm AuNP, induced the expression of at 
least one metallothionein.

3.8. Oxidative stress response genes

As reported earlier, NPs release ions inside the cells, and these ions 
react with other compounds resulting in the production of reactive ox
ygen species (ROS) [33]. Increased levels of ROS in the cell induces the 
expression of antioxidants to eliminate the ROS, because excessive 
production of ROS causes oxidative stress leading to DNA damage or 
dysfunction of various organelles. When ROS levels are elevated in the 
cells, some antioxidant enzymes are activated which means that cells 
have auto control defend mechanism against excessive ROS. As re
ported, TXN gene encodes a redox protein called thioredoxin which 
functions as an antioxidant enzyme. Also, ATOX1 functions in the 
antioxidant defense mechanism. It transports copper which is crucial for 
the antioxidant enzymes [34]. In response to the stress induced by 
exposure to NPs, HepaRG cells showed elevated levels of the antioxidant 
genes ATOX1, TXN, PTPA (Fig. 6D). These proteins manage the ROS 
elimination that are known to arise during oxidative stress and other 
stress conditions.

3.9. Apoptotic genes were enriched in all NPs

NPs cause apoptosis on cells [35,36]. NP treatment induced 
apoptotic gene expression in HepaRG cells. Apoptotic genes CD14, APP, 
TOP2A, DCN, IGFBP6, TIMP2, MMP2, F2R CCND1 genes were upregu
lated in response to NP toxicity (Fig. 6E). These data illustrated the high 

Fig. 4. Changes in the gene expression profiles of the cells exposed to each NP. A) Volcano plots of gene expression profiles of the HepaRG cells exposed to each NP. 
Upregulated DEGs (red), downregulated DEGs (blue) and non-significant genes (grey). B) Venn diagrams showing the number of DEGs in each transcriptome 
produced in response to each NP and common DEGs among the same materials of NPs.

Table 1 
Common genes among NPs were shown with their fold change and function.

Gene Name Gold 
FC

Silver 
FC

Titanium 
FC

QD 
FC

Function

IMPA2 2.16 2.37 2.87 2.13 Oncogene [21,22]
AC078850.1 1.88 3.26 4.61 4.60 Pyroptosis, 

Inflammation [23]
OPN3 1.42 1.71 2.52 1.63 Epithelial- 

Mesenchymal 
Transition and 
Metastasis [24]

HS3ST3B1 2.82 2.89 4.64 3.89 Epithelial- 
Mesenchymal 
Transition [25,26]

NUP85 1.44 1.75 1.55 3.00 Inflammation, liver 
disease [27]
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toxicity potential of the NPs were common for all material and size of the 
NPs.

3.10. Metastasis and carcinogenic effect of NPs

In NP exposed cells, EMT marker genes were found to be differen
tially expressed (Fig. 6F). ANLN and MMP2 were upregulated in all the 
NPs. EDNRB were upregulated in gold, silver and titanium, however not 
upregulated in QD. This shows the different mechanisms of toxicity 
between different materials of NPs. Also, genes related to liver cancer 
were differentially expressed in all types of NPs (Fig. 6G).

4. Discussion

The present study performed a transcriptomic analysis on HepaRG 
spheroids exposed to several sizes and materials of NPs. HepaRG cells 
are of great importance in the toxicity and drug metabolism testing 
experiments since they have the most similar P450 enzymatic activities 
and drug metabolizing proteins to the primary liver cells [37]. Also, by 
culturing those cells in 3D spheroid form, we aimed to mimic the 
microenvironment of the cells in the liver. It was previously shown that 
in 3D culture HepaRG cells are a good model for in vitro genotoxicity 
testing since they retain their CYP enzyme activities even higher activity 
of some enzymes than 2D cultured cells [38]. HepaRG spheroids are the 
alternative for in vivo experiments. Here we showed that HepaRG 
spheroids can improve predictivity and precision of in vitro models for 
detecting toxic agents.

Considering the literature about NP toxicity, this is the first study 
that reveals the toxicity responses of HepaRG spheroids against 11 
different NPs. Toxicity response is well known for other cells, however, 
the response of HepaRG cells to stress conditions needed to be investi
gated. In this study, our results revealed that HepaRG cells have both 

common and distinct responses to each different material and size of the 
NPs, thus they changed their transcriptome accordingly.

NPs were shown to cause cytotoxicity on cells [39]. Upon exposure to 
different NPs, HepaRG cells changed the regulation of many genes. They 
upregulated the expression of 5 genes common among all materials of 
NPs. These genes are IMPA2, AC078850.1, OPN3, HS3ST3B1 and 
NUP85, which are all upregulated. The functions of these genes are 
related to tumor-promoting, cell death, inflammation, liver disease and 
EMT. This means exposure to NPs caused significant cytological damage 
and carcinogenic effect on HepaRG cells.

Hallmark gene set analysis showed enrichment of the differentially 
expressed genes (DEGs) in apoptosis, estrogen response, heme meta
bolism, EMT, hypoxia, p53 pathway, coagulation and peroxisome. 
Exposure to toxic agents increases excessive ROS production in the cells. 
Excess ROS molecules cause oxidative stress by disrupting redox ho
meostasis in the cells that may result in many biological processes, such 
as protein damage, organelle damage, DNA damage, inflammatory 
response. Oxidative stress is an important factor that might promote cell 
death in response to NP toxicity. Increased expression of ROS pathway 
associated genes suggests the presence of oxidative stress upon NP 
treatment. ATOX1, TXN, PTPA overexpression reveals that the cells 
activated the ROS eliminating antioxidants. They function for cellular 
metal balance, scavenging ROS, and cellular responses to stress. When 
the cells cannot eliminate excess ROS, free radicals may attack mem
branes of the cell and organelles which cause activation of EMT causing 
genes. In the hallmark gene set enrichment analysis, we identified 
overexpression of MMP family proteins which are called metal
loproteinases. They are associated with many signaling pathways 
including EMT, p53 and mTOR and their expressions are dysregulated in 
many cancer types [40,41]. Apoptosis and p53 pathways were consid
ered because of the NP damage to the cells. Apoptotic genes CD14, APP, 
TOP2A, DCN, IGFBP6, TIMP2, MMP2, F2R, CCND1 were differentially 

Fig. 5. Hallmark gene set enrichment analysis of DEGs.
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expressed. The mechanism that NP toxicity may cause apoptosis is 
through ROS production. Excessive ROS may cause lipid peroxidation, 
mitochondrial damage or DNA damage that might consequently lead the 
cells to apoptosis [42]. Our results revealed that NPs cause excessive 
ROS production and consequently activate the genes related to EMT, 
apoptosis, coagulation and peroxisomes. Heme metabolism was 
enriched because metal ion response and metal transporters were 
enriched upon NP treatment by the genes GCLM, HBB, and ENDOD1. 
Metal transporters are responsible for the uptake of the NPs and metal 
ion response genes are responsible for the detoxification of these 

Table 2 
KEGG pathways that are significantly enriched in DEGs.

NP Term Count Pathway 
ID

PValue

3 nm 
AUNP

Ferroptosis 4 hsa04216 1.109E- 
02

​ Ubiquitin mediated proteolysis 6 hsa04120 2.056E- 
02

15 nm 
AUNP

Metabolic pathways 12 hsa01100 2.891E- 
03

​ Tyrosine metabolism 3 hsa00350 4.928E- 
03

80 nm 
AUNP

Complement and coagulation 
cascades

4 hsa04610 1.334E- 
02

​ Fatty acid degradation 3 hsa00071 2.443E- 
02

​ Type II diabetes mellitus 3 hsa04930 2.883E- 
02

​ Pyruvate metabolism 3 hsa00620 2.883E- 
02

​ Coronavirus disease - COVID-19 5 hsa05171 4.496E- 
02

12 nm 
AGNP

Fanconi anemia pathway 4 hsa03460 2.863E- 
03

​ Cell cycle 5 hsa04110 8.950E- 
03

​ Human T-cell leukemia virus 1 
infection

5 hsa05166 2.815E- 
02

40 nm 
AGNP

Biosynthesis of amino acids 9 hsa01230 2.099E- 
03

​ Biosynthesis of cofactors 13 hsa01240 2.719E- 
03

​ Aminoacyl-tRNA biosynthesis 8 hsa00970 4.074E- 
03

​ Vibrio cholerae infection 7 hsa05110 4.605E- 
03

​ Epithelial cell signaling in 
Helicobacter pylori infection

8 hsa05120 6.108E- 
03

​ Metabolic pathways 65 hsa01100 8.331E- 
03

​ Rheumatoid arthritis 9 hsa05323 8.390E- 
03

​ Collecting duct acid secretion 5 hsa04966 1.016E- 
02

​ Glycolysis/Gluconeogenesis 7 hsa00010 1.697E- 
02

​ Amyotrophic lateral sclerosis 20 hsa05014 2.097E- 
02

80 nm 
AGNP

Protein processing in 
endoplasmic reticulum

11 hsa04141 1.824E- 
03

​ Nucleocytoplasmic transport 7 hsa03013 1.910E- 
02

​ Human T-cell leukemia virus 1 
infection

10 hsa05166 3.094E- 
02

​ Hepatitis C 8 hsa05160 3.648E- 
02

​ Acute myeloid leukemia 5 hsa05221 4.385E- 
02

​ Autophagy - animal 8 hsa04140 4.807E- 
02

25 nm 
TiO2NP

Protein processing in 
endoplasmic reticulum

15 hsa04141 3.207E- 
06

​ Thyroid cancer 5 hsa05216 4.784E- 
03

​ Glioma 6 hsa05214 1.358E- 
02

​ Epstein-Barr virus infection 10 hsa05169 1.369E- 
02

​ Viral carcinogenesis 10 hsa05203 1.452E- 
02

​ Nucleocytoplasmic transport 7 hsa03013 1.547E- 
02

​ Human T-cell leukemia virus 1 
infection

10 hsa05166 2.372E- 
02

​ Endometrial cancer 5 hsa05213 2.406E- 
02

Table 2 (continued )

NP Term Count Pathway 
ID 

PValue

​ Longevity regulating pathway 6 hsa04211 2.629E- 
02

​ Hepatitis C 8 hsa05160 2.903E- 
02

100 nm 
TiO2NP

EGFR tyrosine kinase inhibitor 
resistance

4 hsa01521 4.526E- 
02

​ Fluid shear stress and 
atherosclerosis

5 hsa05418 4.178E- 
02

​ Ubiquitin mediated proteolysis 5 hsa04120 4.289E- 
02

​ MAPK signaling pathway 7 hsa04010 4.807E- 
02

300 nm 
TiO2NP

Glycine, serine and threonine 
metabolism

6 hsa00260 7.203E- 
04

​ Metabolic pathways 44 hsa01100 1.309E- 
03

​ Carbon metabolism 7 hsa01200 1.659E- 
02

​ p53 signaling pathway 5 hsa04115 4.322E- 
02

​ RNA degradation 5 hsa03018 4.874E- 
02

QD1 Alzheimer disease 22 hsa05010 2.610E- 
04

​ Pathways of neurodegeneration - 
multiple diseases

24 hsa05022 7.355E- 
04

​ Oxidative phosphorylation 11 hsa00190 1.306E- 
03

​ Parkinson disease 16 hsa05012 1.491E- 
03

​ Prion disease 16 hsa05020 1.917E- 
03

​ Amyotrophic lateral sclerosis 19 hsa05014 2.285E- 
03

​ Butanoate metabolism 5 hsa00650 3.187E- 
03

​ Valine, leucine and isoleucine 
degradation

6 hsa00280 4.767E- 
03

​ Huntington disease 16 hsa05016 5.519E- 
03

​ mTOR signaling pathway 9 hsa04150 2.978E- 
02

QD2 Protein processing in 
endoplasmic reticulum

32 hsa04141 2.022E- 
07

​ Aminoacyl-tRNA biosynthesis 18 hsa00970 8.854E- 
07

​ Selenocompound metabolism 8 hsa00450 5.939E- 
05

​ Protein export 10 hsa03060 1.267E- 
04

​ AMPK signaling pathway 21 hsa04152 1.409E- 
04

​ mTOR signaling pathway 23 hsa04150 7.226E- 
04

​ Human T-cell leukemia virus 1 
infection

29 hsa05166 7.994E- 
04

​ Proteasome 10 hsa03050 2.833E- 
03

​ Prion disease 31 hsa05020 5.583E- 
03

​ Longevity regulating pathway 14 hsa04211 6.192E- 
03
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Fig. 6. Heatmaps of the gene sets that belong to specific pathways. Heatmaps of the A) Cytochrome P450 genes B) Metal ion transporter genes C) Metal ion response 
genes D) Metastasis genes E) ROS pathway genes F) Apoptosis genes G) Liver cancer related genes.
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particles. NPs have endocrine disruptive effects and causes oxidative 
stress [43]. This phenomenon might be the reason of the overexpression 
of estrogen response in the cells. It is known that ROS causes coagulation 
and peroxisomes were activated as a response to increased ROS levels in 
the body [44]. ROS is accumulated in peroxisomes inducing the acti
vation of antioxidant enzymes. Peroxisomes are the cellular location of 
many antioxidant enzymes. They are the important mediators of 
oxidative stress and regulators of oxidative stress-related signaling 
pathways. They have an important role in redox homeostasis [45,46]. 
Gene ontology analysis showed enrichment of the DEGs in DNA syn
thesis related pathways. Genotoxic effects of NPs are well known [47]. 
DNA damage may cause apoptosis or cell cycle arrest. Activation of DNA 
synthesis might indicate DNA damage caused by the NPs [48]. Also, 
lipid metabolism and membrane depolarization genes were upregulated, 
which reminds us the capability of NPs to disrupt cell membrane [49]. 
Treatment with metal NPs, the cells are exposed to metal ions since 
theories suggest that the NPs release metal ions that disrupt cation ho
meostasis in cells, leading to cellular damage [33,50]. So, the activation 
of pathways related to metal ion response is not surprising and shows 
that the cells are responding to these metal ions. These results indicate 
that the cells are exposed to the metal ions when treated with NPs, and 
these metal ions are activating the pathways that function for the 
cellular metal ion homeostasis.

NPs induce intracellular ROS production because of their strong 
oxidation ability [51]. Excess ROS production results in damage in DNA, 
organelles, cell membrane and cause lipid peroxidation and apoptosis 
[52]. The cells must sustain the balance between the ROS production 
and antioxidant defense mechanism to survive. Cells have enzymatic 
and non-enzymatic antioxidants that retain the redox balance [53]. 
Cellular antioxidant defense system eliminates excess ROS from the cells 
by converting them to non-toxic substances. This mechanism ensures the 
protection of cells from oxidative stress. Increased ROS production 
causes cells to activate detoxification pathways [54]. This involves 
activation of antioxidant genes which are the scavengers of ROS to 
prevent any damage to the cells. Upregulation of antioxidant genes such 
as ATOX1, TXN, PTPA in the HepaRG cells indicates the high levels of 
ROS production in the cells. An imbalance between the ROS production 
and antioxidants causes disruption of the redox homeostasis. NPs may 
cause very high levels of ROS production which may cause oxidative 
stress. Consequently, NPs may have led the cells to toxicity through 
oxidative stress caused by ROS production. Increased production of ROS 
is strongly associated with inflammation. TNF-alpha pathway activation 
and interleukin production indicates inflammation in the HepaRG cells 
after NP exposure.

The small size of the NPs enables them to penetrate into the cells and 
interact with molecules in the cells causing oxidative stress, DNA dam
age and inflammation [55]. Carcinogenic potential of the NPs was re
ported previously in many studies because of their genotoxic effects on 
cells [56–58]. The mechanism that NPs might induce the cells to evolve 
to tumor cells is the ability to cause DNA damage. In our results, we 
found that NP exposure induced the expression of epithelial to mesen
chymal transition genes (MMP14, ITGB5, TIMP1, MMP2) and the genes 
that are related to liver cancer. Enrichment of pathways related to 
several types of cancer reveals the carcinogenic capability of NPs.

Employing eleven different NPs with varying materials and sizes 
necessitates interpreting the parameters. In terms of number of DEGs, 
the biggest change in the expression profile was observed in NPQD2, and 
the second one was the 40 nm AgNP. We saw that there is no relation 
between the material/size of the NPs on the number of the DEGs. 
However, we observed a relation between the number of DEGs and the 
heatmaps of the stress related pathways. As 3 nm AuNP had the highest 
number of DEGs among gold NPs, it had a different pattern than the 
other 2 gold NPs in the heatmaps. We can see that 15 nm and 80 nm 
AuNP had similar heatmap for stress related genes, whereas 3 nm AuNP 
was different than these two. A similar scenario applies for the silver 
NPs. 12 nm AgNP had a low number of DEGs whereas other two NPs had 

relatively high numbers of DEGs, and they also had similar pattern of 
heatmaps which is different than 12 nm AgNP. In quantum dots, both 
NPs had similar patterns in heatmaps despite having a huge difference in 
the number of DEGs. In the case of titanium NPs, there is not a stable 
pattern of heatmaps nor a relation between the DEGs and the heatmaps. 
These findings may show that the sizes of the nanoparticles change the 
potential of toxicity of NPs which eventually changes the number of 
DEGs. Cells that are exposed to higher toxicity changed their expression 
profiles more. The most common pathways that were activated upon 
toxicity of NPs of differing sizes and materials are related to the meta
bolism of proteins, fatty acids or nucleic acids. Especially, amino acid 
metabolism was observed in all the nanoparticles which may show that 
there are high levels of protein synthesis and degradation to ensure the 
expression of stress related genes. Also, some NPs induced the expres
sion of the genes related to some diseases. In terms of gold NPs, only 80 
nm AuNP induced the expression of disease related genes such as dia
betes and COVID-19. Many pathways including anemia and infection 
were activated by all sizes of silver NPs. Moreover, all sizes of TiO2NP 
enriched pathways related to cancer. Upregulation of EGFR, MAPK and 
p53 are associated to cancer progression or inhibition [59–61]. Inter
estingly, both QDs induced the expression of mTOR pathway which is 
related to cancer progression [62]. The results show that in general 
different processes were activated upon exposure to different NPs, which 
may be the result of the reactivity of nanoparticle toxicity that is affected 
by the size, charge, shape, material etc.

The common impacts of NPs include oxidative stress, apoptosis, EMT 
and carcinogenesis. The distinct impacts are related to the physico
chemical properties of NPs which change their biological activities and 
their interaction with the cells and other compounds. Their different 
behaviors and effects are due to different factors such as particle size, 
surface, composition, metal release type. These factors affect the inter
action of these NPs with the cells and cellular compounds, which in turn 
change the mechanism of toxicity. With different properties, they cause 
different expression profiles in HepaRG cells. Although they enrich 
similar pathways and terms, they generally do this by upregulating 
different genes that belong to the same pathway. This means although 
their toxicity on HepaRG cells is common, the way that they expose 
them is different for each size and material.

5. Conclusions

In summary, our study showed that differing sizes and materials of 
NPs cause cytotoxicity and activate the pathways related to stress 
response in HepaRG cells. The size and material type changes the 
mechanism of cytotoxicity and expresses different genes, however all in 
all their impact on cells are mostly common. The genes that we indicated 
in this study belong to the response mechanism of HepaRG cells against 
NP toxicity. Biosafety assessment of nanoparticles lacks reliable and 
precise models. Our future studies will be focused on whole cell 
biosensor circuit design by using the promoter regions of the differen
tially expressed genes indicated in this study coupled with a reporter 
protein (such as GFP) to detect the toxicity of NPs and other compounds 
(drugs, chemicals) in various resources. This biosensor may improve 
future development of biosafety assessment systems as an alternative to 
animal tests with high predictivity of in vivo.
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vision. Characterization, separation, and quantification methods. Potential 
environmental and health impact, Anal. Methods 6 (1) (Dec. 2013) 38–56, https:// 
doi.org/10.1039/C3AY40517F.

[6] B. Saltepe, E.U. Bozkurt, N. Hacıosmanoğlu, U.Ö.Ş. Şeker, Genetic circuits to detect 
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