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Engineered nanomaterials (ENMs) are commonly used in consumer products, allowing exposure to target
organs such as the lung, liver, and skin that could lead to adverse health effects in humans. To better reflect
on toxicological effects in liver cells, it is important to consider the contribution of hepatocyte morphology,
function, and intercellular interactions in a dynamic 3D microenvironment. Herein, we used a 3D liver
spheroid model containing hepatocyte and Kupffer cells (KCs) to study the effects of three different material
compositions, namely vanadium pentoxide (V,0s), titanium dioxide (TiO;), or graphene oxide (GO).

K ds:
N?Qz:;f:ty Additionally, we used single-cell RNA sequencing (scRNAseq) to determine the nanoparticle (NP) and cell-
ScRNAseq specific toxicological responses. A general finding was that hepatocytes exhibit more variation in gene

expression and adaptation of signaling pathways than KCs. TNF-a production tied to the NF-xB pathway was
a commonly affected pathway by all NPs while impacts on the metabolic function of hepatocytes were
unique to V,0s. V5,05 NPs also showed the largest number of differentially expressed genes in both cell
types, many of which are related to pro-inflammatory and apoptotic response pathways. There was
also evidence of mitochondrial ROS generation and caspase-1 activation after GO and V,0s treatment,
in association with cytokine production. All considered, this study provides insight into the impact of
nanoparticles on gene responses in key liver cell types, providing us with a scRNAseq platform that can
be used for high-content screening of nanomaterial impact on the liver, for use in biosafety and biomedical

applications.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

3D liver spheroids
Nanomaterials
Toxicological mechanisms

Introduction

The widespread use of engineered nanomaterials (ENMs) in ap-
plications such as cosmetics, food packaging, water purification,
insecticides, electronics, and a number of biomedical applications is
likely to lead to human exposure by dermal contact, inhalation,
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ingestion, or intravenous injection [1-4]. This necessitates the as-
sessment of potential adverse health effects, for which we need
appropriate methods for safety assessment [5,6]. The lung is a major
target organ for inhaled ENMs, while the liver is the primary target
organ for therapeutic nanoparticles and ENMs that have gained ac-
cess to circulation following dermal contact, inhalation, and inges-
tion [7-9]. Compared to the lung, the effects of ENMs on the liver are
under-investigated disproportionate to the level of importance.
The liver is the largest solid organ in the body and capable of
performing many vital functions. These include removing waste
products and foreign substances from the bloodstream, producing
albumin, cholesterol, and bile, regulating amino acids and blood
clotting, storing vitamins and minerals, and processing and storing
glucose [10-13]. The liver is comprised of a variety of different cell
types, including hepatocytes as the parenchymal component,
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making up 60-80% of all liver cells, as well as non-parenchymal cells
contributing 20-40% of cells in the liver [12,14]|. Hepatocytes play
key roles in protein synthesis, metabolism, endocrine, secretory, and
detoxification pathways [9,14]. Kupffer cells (KCs) are liver resident
macrophages that make up to 20% of nonparenchymal cells in the
liver and are a key component of the mononuclear phagocyte
system. KCs play a key role in the phagocytosis of ENMs from the
sinusoidal circulation, modulation of innate immune responses, and
endotoxin removal, acting as the first line of defense against circu-
lating particulates [15-17]. Altogether, the specialized functions,
localization, and interactions among different liver cell types are
critical in shaping hepatic function, including in response to foreign
substances such as ENMs [10,11]. It is therefore not a surprise that
nanoparticles' entrance from the portal vein and the hepatic artery
can lead to the exposure and generation of adverse effects on liver
cells [9,14,18]. However, while most studies have concentrated on
gross changes in liver function and histology, there is a lack of me-
chanistic understanding of the impact of different ENMs composi-
tions on individual liver cell types, including during intercellular
interactions, which exert a strong influence on cell function as
compared to the response of individually cultured cells.

Liver cell-type-specific ENM effects and the possibility of toxicity
are typically studied using traditional two-dimensional (2D) cell
culture models [19,20]. However, many studies have demonstrated
that the culture and attachment of liver cells as a single layer on a
culture dish surface do not accurately predict biological and tox-
icological responses to ENMs in the intact organ due to altered
morphology and the lack of intercellular communication [21,22]. For
instance, conventional 2D cultures have shown that ENMs are cap-
able of inducing a tiered oxidative stress response, which includes
protective, pro-inflammatory, and cytotoxic effects [5,6]. The pro-
tective effect is mediated by low-level oxidative stress-induced
binding of the nuclear factor erythroid 2-related factor 2 to the
antioxidant response element and a number of phase II antioxidant
enzymes (e.g., catalase and superoxide dismutase), yielding to the
activation of mitogen-activated protein kinase and nuclear factor
kappa B (NF-xB) pathways at intermediary levels of oxidative stress
levels, which promote pro-inflammatory cytokine and chemokine
production [5,19,20]. Moreover, high levels of oxidative stress are
capable of perturbing the mitochondrial permeability transition pore
(MPTP) and energy transduction, leading to cellular apoptosis or
necrosis [18-20]. In contrast, few such studies have been executed
under 3D culture conditions, which could change thresholds for the
tiered oxidative stress outcomes.

It has now become possible to study the effects of ENMs in liver
spheroids, comprised of single or a mixture of cell types (e.g., he-
patocytes and KCs), which preserve cell morphology and can be kept
in culture for prolonged observation periods [23-25]. In addition,
many spheroid studies have shown their superiority in maintaining
cell shape and morphology, cell-cell interactions, and gene as well as
protein expression profiles, mimicking the liver in its response to
exposure to drugs or chemicals (Supplemental Table 1). We argued,
therefore, that the use of spheroids would be more appropriate for
studying ENMs' adverse effects, especially if the assessment can be
combined with a high throughput platform.

Recent technological advancements in high-throughput single-
cell omics methods such as single-cell RNA sequencing (scRNAseq)
offer revolutionary opportunities to build a comprehensive and ex-
planatory map of the molecular pathways induced by agents in an
unbiased manner and at a single-cell resolution [26]. This has be-
come a gold standard for defining cell states and phenotypes in re-
cent years [27,28], and can provide information about the existence
and behavior of various cell types in the same tissue or organ [29].
Furthermore, a population with the same cell type may appear to be
genetically homogeneous in macrosystems, but scRNAseq can un-
cover cell-to-cell heterogeneity, reflecting cell populations that
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adapt quickly to changing conditions [30,31]. The use of scRNAseq
technology in a 3D liver model can contribute to a greater under-
standing of the toxicological molecular mechanisms of ENMs in
different types of liver cells.

In this study, we used scRNAseq to elucidate how different na-
nomaterials affect gene expression programs in different liver cell
types. We chose to study vanadium pentoxide (V,0s), graphene
oxide (GO), and titanium dioxide (TiO;) as three representative na-
nomaterial categories that have yielded contrasting response out-
comes under conventional culture conditions. V,05 nanoparticles
(NPs) are extensively used as a catalyst in industrial chemical pro-
cesses, which can lead to occupational exposures in workers [32,33].
TiO, NPs are used as a pigment in paints, food additives, and
sunscreens, with the potential to lead to oral, dermal, and occupa-
tional exposure in people [34,35]. GO nanosheets, a representative
two-dimensional (2D) nanomaterial, are frequently used for tissue
engineering, antimicrobial agents, drug carriers, and biosensors,
with the ability to lead to human exposures via dermal, inhalation,
ingestion, and intravenous routes [36]. Widespread use of these
ENMs also increases the potential for adverse impacts on the liver,
which can be reached via intravenous use or indirectly following
absorption in the gastrointestinal tract or access via the lung
(Supplemental Table 2). Moreover, we have shown that V,05 and GO
are capable of inducing cytotoxic effects on liver cells in 2D culture
[37,38], and have used TiO, in numerous previous ENM toxicity
studies as an insoluble, low-toxicity material. A hanging drop tech-
nique was used to construct 3D liver spheroids containing KCs and
hepatocytes. Following the exposure to V,0s, GO, and TiO,,
scRNAseq was used for transcriptomic profiling of the constituent
cell types to identify cell-specific gene responses as well as bio-
markers and pathways that are affected by each ENM. We also use
supporting immunostaining and enzyme-linked immunosorbent
assays (ELISA) to confirm cellular responses and cytokine produc-
tion, as predicted by scRNAseq profiling.

Methods

V505, TiO,, and GO NPs were provided by Engineered
Nanomaterials Resource and Coordination Core, part of the
Nanomaterial Health Implications Research (NHIR) Consortium of
the National Institute of Environmental Health Sciences (NIEHS). The
transformed mouse Kupffer cell line, KUP5, was purchased from
RIKEN Cell Bank (Japan). The mouse hepatocyte cell line, Hepa 1-6,
was purchased from ATCC (Manassas, VA). Fetal bovine serum (FBS)
was purchased from Gemini Bio-Products (West Sacramento, CA).
Penicillin-streptomycin was purchased from Gibco (Waltham, MA).
The ATPlite 1step Luminescence Assay kit was purchased from
PerkinElmer Inc. (Waltham, MA). Hoechst 33 342 was purchased
from Life Technologies (Grand Island, NY). The MitoSOX indicator
was purchased from Invitrogen (Carlsbad, CA). FITC (90%) was pur-
chased from ACROS Organics (Fair Lawn, NJ) and the FAM-FLICA
Caspase-3/7 assay kit was purchased from ImmunoChemistry
Technologies, LC (Bloomington, MN). The ELISA kits for mouse IL-18
and TNF-o were purchased from R&D Systems (Minneapolis, MN).

Characterization of nanomaterials

The size and morphology of GO, TiO,, or V,05 NPs were char-
acterized in-house in the California NanoSystems Institute by
transmission electron microscopy (TEM, JEOL 1200-EX transmission
electron microscope) without further purification or modification.
The hydrodynamic diameters, polydisperse index (PDI), and zeta
potential of the NP suspensions were determined by a ZetaPALS
instrument (Brookhaven Instrument, Holtsville, NY). Briefly, the
stock NP solutions at a concentration of = 1 mg/mL in DI water were
prepared and sonicated for 1 min. These suspensions were
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subsequently diluted to a final concentration of 50 pg/mL in DI water
or cell culture media, followed by further sonication for 1 min.

Cell culture

The transformed hepatocyte cell line, Hepa 1-6, and Kupffer cell
line, KUP5, were chosen for this study, based on similarities in their
response to nanoparticles in primary and human cell lines
(Supplemental Table 3), as well as stable phenotype, ease of culture,
ready availability and low cost [19,22-26]. Moreover, the use of cell
lines also avoids inter-donor variations in establishing proof-of-
principle testing. Specifically, KUP5 cells were cultured in high-
glucose Dulbecco’s modified eagle medium (DMEM), supplemented
with 10% FBS (Gemini Bio-Products, West Sacramento, CA), 250 pM
1-thioglycerol, 10 pg/mL bovine insulin, and 100 U/mL/100 ug/mL of
penicillin-streptomycin (Gibco, Waltham, MA). Hepa 1-6 cells were
cultured in a high-glucose DMEM medium supplemented with 10%
FBS and 100 U/mL/100 pg/mL penicillin-streptomycin. All cells were
cultured in a humidified environment of 95% O,, 5% CO,, and 37 °C.

3D liver spheroids

The 3D liver spheroids, containing hepatocytes (Hepa 1-6) and
KCs (KUP5) at a 9:1 ratio (to mimic the in vivo cell ratio), were
prepared by a hanging drop technique, using the 3D Biomatrix
Hanging Drop Plate (3D Biomatrix, Ann Arbor, MI, USA). Briefly, 20 pL
of cell suspension at ~100 cells/pL was pipetted from the upper
surface of the plate, with the pipette tip inserted into the neck re-
gion, before the slow release of the cell suspension. Following the
formation of the hanging droplets, ~2 mL of distilled water was
added to the plate’s water reservoir. The plates were subsequently
incubated at 37 °C under a humidified atmosphere and 5% CO, in an
incubator. To improve the formation of the 3D liver spheroids, 2-5 pL
of fresh media was added to the culture every other day. The size and
form of the spheroids were evaluated by light microscopy (Zeiss Axio
Observer D1; Carl Zeiss AG, Jena, Germany).

Exposure of NPs to 3D liver spheroids

NP dispersions were freshly prepared by pre-incubating in a
complete cell culture medium before cellular exposure. For cyto-
toxicity experiments, the 3D liver spheroids were incubated with
particle dispersions over a wide concentration range (1.5625, 3.125,
6.25, 12.5, 25, 50, or 100 pg/mL) for 24 h, as previously reported
[19,20,37,38]. Cell viability was accessed using the ATPlite 1-step
assay (PerkinElmer Inc, Waltham, MA) to quantify cellular ATP
content, according to the manufacturer’s instructions. The lumi-
nescence intensity was read on a SpectraMax M5 microplate reader.
Control cells, not subjected to ENMs exposure, were regarded as
representing 100% cell viability, according to which the viability of
the treated cells was adjusted. Fluorescence-labeled NPs were pre-
pared as previously described by us and used to demonstrate the
cellular association or uptake of NPs in 3D liver spheroids, using an
ENM concentration of 25 pg/mL for 16 h [37,38].

Collection of single-cell suspensions

In order to limit the cell death rate to < 5% (as determined by the
ATP assay) for scRNA sequencing, the mouse liver spheroids were
exposed to the ENMs at 6.25 ug/mL for 6 h. The cultured 3D liver
spheroids were collected in a 1.5 mL tube and washed three times
with PBS to remove cell debris and ENMs by centrifugation
(1400 rpm for 5 min). The harvested spheroids were dissociated
using 5 mg/mL collagenase (Sigma-Aldrich Co. St. Louis, MO) for 2 h
at 37 °C. The dissociated cells were washed and collected by cen-
trifugation and resuspended in ~500-1000 puL of a 0.04% BSA/PBS
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solution. Subsequently, the cell suspension was filtered through a
40 pm (mini) strainer. Cells were centrifuged and resuspended in a
60 pL of 0.04% BSA/PBS, yielding cell concentrations of 300-1200
cells/uL. Each NP or control treatment was done in duplicate and
each replicate was used for independent scRNAseq analysis.

scRNAseq data generation and preprocessing

Single-cell RNA-sequencing was conducted following the 10x 3’
single-cell RNA-seq V3.1 protocol (10x Genomics, Pleasanton,
California, USA). The cDNA library concentration was determined
using the Qubit Fluorometric Quantitation method (Thermofisher
Scientific, Waltham, MA, USA), and quality was assessed using the
Agilent TapeStation system (Agilent, Santa Clara, CA, USA). The li-
braries were sequenced on the Novaseq S1 2 x 50bp (Illumina, San
Diego, CA, USA) in the UCLA Broad Stem Cell Research Center at ~25k
reads/cell. Illumina sequencer's base call files (BCLs) were demulti-
plexed and fastq files were generated using the mkfastq function on
the Cell Ranger software version 3.0.2 (10x Genomics, Pleasanton,
California, USA). Single-cell sequencing reads were aligned to the
mouse reference genome (mm10-3.0.0) and the gene-cell count
matrices from each sample were processed using Seurat version 3.1
[https://github.com/satijalab/Seurat] [39]. Single cells were filtered
based on a threshold of between 200 and 7000 genes, a maximum of
50,000 unique molecular identifiers (UMIs), less than 10% mi-
tochondrial gene expression, and 50% ribosomal protein gene ex-
pression. Gene counts were normalized using the default
NormalizeData function (log normalize method) in Seurat. Raw se-
quencing reads were submitted to Gene expression omnibus (GEO)
under the accession number GSE201500.

Cell cluster identification, differential gene expression analysis, and
pathway analysis

All 8 scRNAseq samples (2 replicates per ENM plus the non-
treated control) were integrated using the canonical correlation
analysis method in Seurat. Cells were projected onto two dimen-
sions, using t-SNE based on the top 30 principal components of the
gene expression profiles, and assigned into clusters using the
Louvain clustering method. Marker genes used to identify hepato-
cytes and KCs were curated based on previous studies [40-42] and
were used to determine cell identities according to scRNAseq data.
Using the FindAllMarkers function in Seurat, positive gene markers
were obtained for hepatocyte and KC spheroid-derived cells. Positive
gene markers identified in the 3D spheroid hepatocyte and KCs were
compared to the adult liver cell type markers from the Mouse cell
atlas (MCA) [43,44]. The mouse Hepatocyte_combined markers are
the collective markers identified from Hepatocyte_spp1 High, He-
patocyte_fabp1 High, Hepatocyte_mt High, Hepatocyte_alb High,
and Hepatocyte_car3 High clusters. The positive gene markers
identified in the 3D spheroid hepatocyte and KCs were also com-
pared to human reference cell type markers derived from a human
scRNA-Seq dataset, under the accession number GSE115469 [45].
The human Hepatocyte_combined markers are the collective mar-
kers identified from Hepatocyte_1 - Hepatocyte_6 clusters. The
GeneOverlap package on R was used to evaluate the overlap of the
marker genes. The statistical significance of marker overlap was
determined using Fisher’s exact test. After cell type identification,
the Seurat FindMarkers function (non-parametric Wilcoxon rank-
sum test) was used to compare gene expression between the control
and ENM-treated cells. For each exposed cell type, genes with an
adjusted p-value (based on Bonferroni correction) threshold < 0.05
and a log fold change (logFC) threshold> 0.1, were identified as
differentially expressed genes (DEGs) compared to control cells.
However, due to the limited DEGs identified in KCs, the unadjusted
p-value <0.05 was used as a threshold. Among the selected genes,


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201500
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115469

J. Li, G. Diamante, LS. Ahn et al.

those displaying the same direction of increase or decrease in the
two replicates were considered as significant DEGs for the particular
ENM. For plotting purposes, the average logFC between the biolo-
gical replicate was calculated and the adjusted p-values (hepato-
cytes) or the unadjusted p-values (KCs) of the DEGs from the two
biological replicates were combined with the Benjamini-Hochberg
method from the Metap package in R.

We also performed pathway enrichment analysis for the identi-
fied DEGs mentioned, using the KEGG, BioCarta, Reactome, and
Hallmark pathway databases from MSigDB. Significant enrichment
of pathways was based on a hypergeometric test followed by mul-
tiple testing corrections using the Stouffer method. Pathways that
were considered significant had an FDR< 0.05.

Determination of mtROS generation

The 3D liver spheroids were exposed to 25 pg/mL of NPs for 16 h.
Following PBS washing, spheroids were treated with 5 pm MitoSOX
(Invitrogen, Carlsbad, CA) in HBSS at 37 °C for 30 min and then
stained with 5 pg/mL Hoechst 33 342 (Life Technologies, Grand
Island, NY) for 45 min. Imaging was performed in a Zeiss Axio
Observer D1 fluorescent microscope, with quantification of cellular
fluorescence intensity by a SpectraMax M5 microplate reader at
excitation/emission wavelengths of 510/580 nm.

Determination of caspase-1 activation

The 3D liver spheroids were exposed to 25 ug/mL NPs and wa-
shed three times in PBS, before staining with FAM-FLICA Caspase-3/7
substrates (ImmunoChemistry Technologies, LC, Bloomington, MN)
at 37 °C for 1 h. Cells were subsequently also stained with Hoechst
33 342 for 30 min and imaged under a fluorescent microscope.
Quantification of cellular fluorescence intensity was obtained by a
microplate reader, using excitation/emission wavelengths of 492/
520 nm.

Determination of IL-1p, TNF-a, and TGF-p1 production

The 3D liver spheroids were primed by replacing the tissue cul-
ture medium with a fresh medium containing 1 pg/mL lipopoly-
saccharide (LPS) for 4 h, followed by the exposure to 25 pg/mL of
each ENM suspension, supplemented with 0.1 pg/mL LPS for 24 h.
The cellular supernatants were collected for IL-18, TNF-a, and TGF-p1
quantification by ELISA, according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN).

AST release by the 3D liver spheroid after nanoparticle treatment

3D liver spheroids were exposed to 25 pg/mL of each ENM sus-
pension. The supernatants were collected for AST quantification by
the Mouse Aspartate Aminotransferase ELISA Kit from Novus
Biologicals, LLC.

Results
ENM characterization

The physicochemical characterizations of V,0s TiO, and GO
nanomaterials are detailed in Fig. 1 and Table 1. As shown by TEM
images in Fig. 1A, V,05 NPs displayed irregular shapes with a size of
380.0 = 223.1 nm. TiO, NPs showed spherical shapes with a size of
125.0 + 45.7 nm, while GO was comprised of sheet-like structures
with diameters of 589.8 + 340.5 nm. Furthermore, the dispersibility
of NPs in aqueous solutions was assessed by hydrodynamic size and
zeta potential in DI water and cell culture medium, respectively
(Table 1). The hydrodynamic sizes of these NPs were generally

+
+
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smaller in water than in cell culture media, which can be explained
by protein adsorption, leading to the formation of protein coronas on
the material surfaces [46]. In addition, V,05 and GO NPs displayed
negative zeta potentials in DI water, while TiO, showed a positive
charge in DI water. However, all the zeta potentials reverted to ne-
gative charges (-9.4 to -13.4 mV) in cell culture media, as a result of
ionic strength and formation of protein coronas.

NP type-specific and cell type-specific cytotoxicity in 2D cultured cell
lines

Cell viability in response to ENM exposure was performed first on
2D KC (KUP5) and hepatocyte (Hepa 1-6) cell cultures, using an ATP
assay. The result in Fig. 1B demonstrates the impact of ENM-specific
effects on cytotoxicity. While V,05 NPs induced significant toxicity
in KUP5 as well as in Hepa 1-6 cells in a dose-dependent manner,
GO nanosheets showed significant toxicity in KUP5 but not Hepa 1-6
cells. In contrast, TiO, had no cytotoxic effects on KUP5 or Hepa 1-6
cells. This indicates the NP type-specific and cell type-specific toxi-
city profiles in 2D cultured KUP5 and Hepa 1-6 cell lines.

Cellular association and toxic effects of NPs in 3D liver spheroids

To gain insight into potential adverse ENM effects under more
physiological conditions, we used the 3D liver spheroids, comprised
of Hepa 1-6 and KUPS5 cells, for NP exposure. NP uptake and dis-
tribution in this 3D culture system were analyzed by optical and
fluorescence microscopy. As shown in Fig. 2 A, most ENMs are lo-
calized in the vicinity of the outer cell layers, where they could ei-
ther be attached to the cell surface or taken up. Since it has been
shown that the rapidly dissolving V,0s particles can shed potentially
cytotoxic pentavalent vanadium ions, V°*, or that GO nanosheets
may damage cell viability through cell membrane insertion [37,38],
we used an ATP assay to assess particle impact on a combined
spheroid cell population. Following exposure to a NP dose range for
16 h, we observed dose-dependent V,05 and GO toxicity, in contrast
to only seeing a lesser reduction in cell viability at relatively high
TiO, doses of 50 and 100 ng/mL (Fig. 2B). In comparison to the re-
sults observed in the 2D culture system (Fig. 1B), there was a lesser
impact of V,05 or GO particles in the 3D culture system. In addition,
we performed a toxicologically relevant functional analysis for an
important biomarker for liver injury, aspartate aminotransferase
(AST) [47,48]. AST leads to aspartate transamination and is com-
monly used to survey hepatocyte injury, which leads to leakage of
this cytosolic enzyme into the serum [47,48]. While the spheroid
exposure to V5,05 and GO induced significant AST release, no effect
was seen with TiO, (Fig. 2 C).

Single-cell RNAseq of 3D liver spheroids after NP treatment

Since no comprehensive studies were undertaken looking at
single-cell gene profiling and mechanistic responses in liver spher-
oids in response to nanoparticles, we used scRNAseq analysis to
obtain information about NP- and cell-specific impact on our
hanging drop 3D culture system. Guided by the toxicity results in
Fig. 2B, a low particle dose of 6.25ug/mL was used to perform the
scRNAseq assessment to keep the cell death rate below 5%. Single-
cell suspensions were collected for scRNAseq analysis after spheroid
exposure to NPs for 6h (deliberately chosen to be<24h, used
in Fig. 2).

After preprocessing and quality control, the scRNAseq analysis
was performed on 41,260 cells. Table 2 summarizes the number of
Hepa1-6 vs. KUP5 cells assembled in each treatment group. Using T-
distributed Stochastic Neighbor Embedding (t-SNE) to visualize cell
clusters and known genes expressed in each of these cell types, it
was possible to positively identify hepatocyte and KCs clusters
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Fig. 1. Characterization of materials in the ENM library. (A) Representative TEM images of V,0s, TiO,, and GO samples obtained by a JEOL 1200-EX TEM with an accelerating
voltage of 80 KeV. The scale bar is 0.2 pm. (B) ATP cell viability assay on 2D culture-derived KUP5 and Hepa 1-6 cells after exposure to various NPs at 0 - 100 pg/mL for 24 h. The
viability of untreated cells was set as 100%. * represents a p-value < 0.05 compared to the untreated cells.

(Fig. 3A-C). This was further confirmed by assessing hepatocyte-
specific biomarkers (Supplemental Fig. 1), towards which we se-
lected albumin (Alb), urea secretion (Assl, Asl), CYP450 system
(Cyplal, Cyp2el), and cellular metabolism (Ahr, Got1, Apoa2), as re-
ported previously [25,43,44,49]. We indeed were able to confirm
changes in biomarker expression and percentage of cells partici-
pating in these responses, in response to nanoparticle treatment. For
example, albumin (alb) expression level increased after GO and TiO,
exposure compared to a decrease after V,0s5 treatment. There were
also changes in urea secretion-related genes such as (Ass1, Asl) and
cytochrome P450 (Cyplal). However, these changes are not statis-
tically significant, with the exception of the decrease in albumin and
argininosuccinate synthetase 1 (Ass1) levels upon V,0s5 exposure.
This is in agreement with the general trend of V,05 being more toxic
than other particle types in our analysis.

It is also important to point out that in addition to our in vitro
scRNAseq analysis, there are voluminous in vivo scRNAseq data
available in the public database, allowing comparison of cell line
data with available information on the mouse and human liver cells.

Table 1
Physicochemical characterization of NPs by DLS.

This was accomplished by identifying positive gene markers from
our hepatocyte and KCs clusters and comparing them to in vivo
mouse and human cell type markers (Fig. 3D-E). This analysis re-
vealed a significant overlap between the markers in our study and in
vivo MCA markers for hepatocytes and KCs in adult mouse livers.
Comparison with combined MCA hepatocyte markers showed fold
enrichment=2.4 (p=75e-33) and for Kupffer cell markers, it
showed fold enrichment=11.0 ( p=7.5e-75) (Fig. 3D). Comparison
to human scRNAseq data also showed a significant overlap between
gene markers from 3D-spheroid cells and the human cell types
analyzed from MacParland et al. (GSE115469). For hepatocyte, the
comparison with combined human hepatocyte markers showed fold
enrichment=2.6 (p=14e-29). For Kupffer cells, comparison with
inflammatory macrophage markers showed fold enrichment=10.2
(p=9e-57), and comparison with non-inflammatory macrophage
markers showed fold enrichment=7.7 (p =5.7e-57) (Fig. 3E). These
results show that there are commonalities between our in vitro cells
and in vivo liver cell references [39-45]. In addition, recent studies
showed that similar cell types in humans and mice share sufficient

Nanoparticles Primary size (nm)

Hydrodynamic size (nm)

Zeta potential (mV)

DI Water DMEM DI Water DMEM
V505 380.0 + 223.1 580.8 + 45.5 995.1 + 40.1 -273 £ 29 -124 + 32
TiO, 125.0 + 45.7 185.8 £ 7.6 4537 + 4.1 36.5 £ 4.7 -134 = 23
GO 589.8 + 340.5 578.6 + 140.3 623.4 + 419 -40.6 + 3.8 -94 + 1.0
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Fig. 2. Determination of cellular association and toxic effects of NPs in the 3D liver spheroids. (A) Optical microscopy and fluorescent images to show the relative abundance of
ENM cellular association/uptake of fluorescence-labeled NPs in the different 3D liver spheroids, exposed to 25 pg/mL of the particles for 16 h (red arrows). The scale bar in the
image represents 50 pm. (B) Assessment of NP toxicity to the 3D liver spheroids after NP exposure at 0 - 100 pg/mL for 16 h, determined by ATP assay. The viability of untreated
cells was set as 100%. (C) 3D liver spheroids were exposed to 25 pg/mL of each ENM suspension. The supernatants were collected for AST quantification. *, p-value < 0.05, indicates
a significant difference compared to the control.
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Table 2
Summary of the number of differentially expressed genes in the hepatocyte and KC.
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Treatment Total Cell # Hepatocytes Kupffer cells (KC)

Cell # Cell % DEG Down-reg DEG Up-reg DEG Cell # Cell % DEG Down-reg DEG Up-reg DEG
Control 9868 8508 86.2% - - - 1360 13.8% - - -
V505 14,563 13,161 90.4% 232 145 87 1402 9.6% 91(141) 6(34) 85(107)
TiO, 10,009 8447 84.4% 61 52 9 1562 15.6% 16(84) 5(31) 11(53)
GO 6820 6322 92.7% 92 58 34 498 73% 6(100) 6(84) 0(16)

Hepatocyte DEG numbers are based on FDR < 0.05. KC DEG numbers are based on FDR < 0.05 and DEG numbers in parenthesis are based on an unadjusted p-value < 0.05.
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graphene oxide (GO) treated spheroids (I).
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gene expression signatures to integrate scRNAseq data between the
two species in the liver [50] and other organs or tissues [51-54]. The
high level of similarities between mice and human raises the po-
tential of utilizing the scRNAseq data from mice to predict the tox-
icological responses of humans. Furthermore, our experiment using
mouse cells provide a good opportunity for comparison between in
vitro mouse spheroids and in vivo mouse models to study the effects
of nanomaterials on the liver (in vivo study in the future), while in
vivo human studies are much less feasible.

Among the 41,260 cells in the study, there were 36,438 hepato-
cytes and 4,822 KCs, which is roughly similar to the 9:1 ratio in
which hepatocytes and KCs are combined for spheroid construction.
Among the three nanomaterials, TiO, was most similar in main-
taining a cell ratio that is equivalent to control cells. In contrast, V5,05
and GO treatment increased the ratios of hepatocytes to KC (Table 2).
This is in keeping with the more pronounced impact of V,05 and GO
on KC viability, as demonstrated in the cytotoxicity analysis (Figs. 1B
and 2B).

NP type-specific gene expression and pathway changes in hepatocytes of
3D liver spheroids

Using t-SNE treatment plots, V,0s exposed cells showed the
biggest deviation from the control cells (Fig. 3F-I), indicating broader
transcriptomic changes. In hepatocytes, V,05 had the largest number
of DEGs (232), followed by GO (92 DEGs) and then TiO, (61 DEGs)
(Table 2, Fig. 4A-C, full list of DEGs in Supplemental Table 4). This
order agrees with the hepatocyte toxicity data both in 2D and 3D
culture systems (Fig. 1B and Fig. 2B), suggesting consistency between
gene-level and phenotype data. We also compared the DEGs be-
tween the different ENMs. Although some genes were shared be-
tween any two NPs, there was no genes shared among all three
ENMs used in this study (Fig. 4D). Thus, the majority of the DEGs
were specific to each material, indicating the ENM-specific gene
expression changes for spheroid-derived hepatocytes.

To validate the biological basis for the DEGs related to each ENM,
we performed a pathway enrichment analysis. V,0s-treated hepa-
tocytes showed enrichment in pathways commensurate with NF-xB-
mediated TNF-a signaling, apoptosis responses, pro-inflammatory
gene expression, TOLL-like receptor (TLR) signaling, and TGF-p1
pathways (Fig. 4E). The full list of pathways is summarized in
Supplementary Table 5. Hepatocytes recovered from TiO,-treated
spheroids demonstrated that the principal enriched pathways are
indicative of NF-xB-mediated TNF-a signaling, p53 signaling, hy-
poxia pathways, TOLL receptor cascades, and TGF-p1 signaling
(Fig. 4F), with the full list of pathways appearing in Supplementary
Table 5. In the case of GO, the principal response pathways in he-
patocytes appear to be related to iron uptake and transport, oxida-
tive phosphorylation, NF-xB-mediated TNF-a signaling, TLR
signaling, and NOD-like receptor signaling (Fig. 4G), with the full list
appearing in Supplementary Table 5.

We also asked whether there was an impact of nanoparticles on
unique or shared pathways in hepatocytes. Despite the lack of
common DEGs among the ENMs, there was some NF-xB and TOLL-
related pathway shared among the materials, with a suggestion of
also involving TNF-a signaling (Supplementary Table 6). NP-specific
pathways in hepatocytes were also identified for V,0s5 (e.g., adipo-
genesis and cholesterol homeostasis), TiO, (e.g., innate immune
system and pyruvate metabolism), and GO (e.g., iron uptake and
transport, respiratory electron transport, and the chemokine sig-
naling pathway) (Supplemental Table 6). Overall, the trend is to-
wards hepatocyte pathways related to inflammation and cell death,
reminiscent of the demonstration of tiered oxidative stress response
pathways, described in 2D cultures.
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NP type-specific gene expression and pathway changes in KCs of 3D liver
spheroids

In KCs, using an FDR < 0.05 threshold, V,05 (91 DEGs) demon-
strated the highest number of DEGs, followed by TiO, (16 DEGs) and
GO (6 DEGs) (Table 2 and Fig. 5A-C). Compared to hepatocytes, there
were fewer DEGs in KCs, which could be due to the recovery of lower
cell numbers, which limits the identification of DEGs (Table 2). Be-
cause of the lower number of DEGs identified in KCs at FDR < 0.05,
we also evaluated unadjusted p-value < 0.05, resulting in 141, 84,
and 100 genes for V,0s, TiO,, and GO, respectively (Table 2, Fig. 5A-
C), with the full list appearing in Supplementary Table 7. When
comparing the genes from all three nanoparticles at a p < 0.05
threshold, there were four shared genes, Tulp4, Fam162a, 1l11b, and
Malat1 (Fig. 5D and Supplementary Table 7). The relationship of
Fam162a and Il1b to apoptosis suggests that cell death pathways may
be targeted by all three ENMs in KCs.

The enriched pathways in KC, treated with V,0s, included NF-«xB-
mediated TNF-«a signaling, p53 signaling, oxidative phosphorylation,
and xenobiotic metabolism, while for TiO,, the major impact was on
NF-xB-mediated TNF-a signaling, p53 signaling, NGF signaling, and
respiratory electron transport pathways. For GO, the enriched
pathways included NF-kxB-mediated TNF-a signaling, p53 signaling,
apoptosis, and MTORC1 signaling pathways (Fig. 5E-G), with the full
list of pathways appearing in Supplementary Table 8. An analysis of
KC pathways shared amongst all NPs, included p53 signaling, hy-
poxia, and TNF-« signaling via NF-xB. Among the pathways that are
unique for each nanomaterial, we observed: V,0s impact on a xe-
nobiotic pathway engaged in chemical detoxification and protection;
TiO, impact on insulin, PPARA, and IL-2 pathways; and GO impact on
cholesterol homeostasis and MTORC1 signaling (Supplemental
Table 6). All considered, the above data indicate that all three ENMs
could exert an impact on pro-inflammatory responses (e.g., TNF- «
via NF-xB) and cell death pathways (e.g., p53 signaling, apoptosis)
in KCs.

Pathway analysis to compare the gene expression profiles of hepatocytes
with KCs obtained from spheroids

We compared the DEGs and pathways of hepatocytes and KCs to
see if there were differential responses to NP exposure
(Supplemental Fig. 2). In V505 treated spheroids, there were 53
common DEGs between hepatocytes and KCs (e.g., Ctsk, Rpl6, Eif3j1,
mt-Nd3, and Serbp1), 179 hepatocyte-specific DEGs (e.g., Sicla2,
Wnt6, Btg2, Cyb5a, and Saa3), and 88 KC-specific DEGs (e.g., Sppl,
Malat1, Dab2, Rps16, and Slc6al2) (Supplemental Fig. 2A). At the
pathway level (Supplemental Table 9), V505 triggered glycolysis,
cholesterol homeostasis, apoptosis, and MTORC1 signaling pathways
in hepatocytes, while impacting genes involved in granulocyte
function, oxidative phosphorylation, TCA cycle, and the respiratory
electron transport chain in KCs. Pathways common to hepatocytes
and KCs included aspects of xenobiotic metabolism, TOLL-like re-
ceptor signaling, p53 signaling, and TNF-« signaling via NF-xB. V505
induced significant changes in metabolic and pro-inflammatory
pathways in both cell types, although there are many differences in
specific pathway changes.

For TiO, treatment, there were 9 common genes between he-
patocytes and KCs (e.g., Fos, Jun, Btgl, Hspa4l, and Hifla), 52 DEGs
unique to hepatocytes (e.g., Fosb, Sprria, Duspl, Tcim, and Nuprl),
and 75 DEGs uniquely altered in KCs (e.g., Ptgs2, ll1rn, Nos2, Lgals1,
and Lars2) (Supplemental Fig. 2B). At the pathway level, the changes
in hepatocyte-specific pathways included pyruvate metabolism and
innate immune system pathways, while the KC-specific pathways
included apoptosis and oxidative phosphorylation. Common path-
ways found in both the hepatocytes and KCs were TNF-«a signaling
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via NF-«B, insulin, glycolysis, and hypoxia pathways (Supplemental
Table 9). Interestingly, TiO, affects mitochondrial metabolism and
oxygen sensing pathways in addition to pro-inflammatory and cell
death pathways, which is very different from the V,05 effects.

After exposure to GO, there were 10 common DEGs between
hepatocytes and KCs (e.g., Malat1, Akr1b3, Nupr1, Cxcl3, and Tsc22d4),
82 DEGs uniquely altered in hepatocytes (e.g., Sppl, Saa3, Lyz2,
Tmsb4x, and Wfdc17), and 90 DEGs uniquely altered in KCs (e.g., Odc1,
Akr1b8, ler3, Cdknla, and Mrps6) (Supplemental Fig. 2C). At the
pathway level, the hepatocytes had enriched pathways related to
iron uptake and transport and oxidative phosphorylation pathways,
while the KCs had pathways related to glycolysis and cholesterol
homeostasis. Common pathways in hepatocytes and KCs in GO were
apoptosis and TNF-a signaling via NF-xB (Supplemental Table 9).
Different from TiO, and V,0s, GO shows effects on pathways in-
volved in iron uptake in hepatocytes and cholesterol homeostasis in
KCs, showing different ENMs could induce unique changes.

The above results indicate the cell-type-specific gene expression
and pathway changes in various NPs-treated 3D liver spheroid, al-
though a limited number of common genes and pathways are shared
between cell types (e.g., pro-inflammatory and apoptotic pathways)
in each case.

Effects of NP treatments on cell-type subclusters in 3D liver spheroids

Within the two liver cell types, there were also different sub-
clusters among hepatocytes (5 subclusters, named hepatocytes1-5)
and KCs (3 subclusters, named KC1-3), which each had unique ex-
pression patterns (Fig. 6A and B). In the evaluation of the gene ex-
pression changes in the hepatocyte and KC subclusters during NP
exposure, we observed that the cluster designated Hepatocytesl,
showed the highest number of DEGs when using a threshold of
FDR< 0.05 (Table 3), with the full list of DEGs appearing in
Supplementary Table 10. This finding is likely due to the statistical
strength of more than half of the treated cells consisting of hepa-
tocytes (Fig. 6 A and Table 3). In the KC subclusters, KC1 one showed
the highest number of DEGs (Table 3), with a full list of DEGs ap-
pearing in Supplementary Table 10.

Pathway enrichment analysis was also conducted among the
identified DEGs, with the caveat that the analysis was conducted in
the subclusters, where there were at least 50 DEGs identified with an
unadjusted p-value < 0.05 (Full list of pathways in Supplemental
Table 11). In V,0s-treated spheroids, an apoptosis pathway was
shared by 4 out of the 5 hepatocyte subclusters (Fig. 6 C). Xenobiotic
metabolism and TGF-B1 signaling pathway were only observed in
Hepatocytes1 and IL-7 and bile acid metabolism was identified only
in Hepatocytes2. In the two KC subclusters with > 50 DEGs, a shared,
TLR signaling pathway was discerned (Fig. 6 C). Pathways such as
angiogenesis and hypoxia were found in only the KC1 subcluster,
while p53 signaling was only enriched in KC2 (Fig. 6 C). This further
confirms the cell-type-specific pathways in V,0s-treated 3D liver
spheroids. Despite the differences, most shared pathways involve
inflammation or apoptosis in both cell types.

In TiO,-treated 3D spheroids, the insulin signaling pathway in-
volved in glycogen synthesis and lipid production was shared be-
tween Hepatocytesl and Hepatocytes3 subclusters (Fig. 6D).
However, TNF-a signaling via NF-xB, PPAR-a signaling, and hypoxia
were among the pathways only enriched in hepatocytes1, and RNA
metabolism was only observed in hepatocytes3 (Fig. 6D). Pathway
enrichment for both KC1 and KC2 included changes in genes in-
volved in glycolysis and hypoxia (Fig. 6D). There were also unique
pathways within the two KC clusters: xenobiotic metabolism was
unique to KC1 and pathways such as reactive oxygen species and
oxidative phosphorylation were observed only in KC2 (Fig. 6D). For

1
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TiO,, oxidative stress and pro-inflammatory but not cell death
pathways were the most common in hepatocytes and KCs.

For GO treatment, Hepatocytes1 and 5 subclusters shared path-
ways such as iron uptake and transport, oxidative phosphorylation,
TCA cycle and electron transport (Fig. 6E). However, NF-xB-related
TNF-a signaling was only enriched for Hepatocytesl and KREB
pathway was only observed in Hepatocytes5 (Fig. 6E). Among the KC
subclusters, only KC1 displayed more than 50 DEGs, indicating
pathway enrichment for MTORC1 signaling, lysosome function, and
cholesterol homeostasis (Fig. 6E). Overall, GO differs from V,05 and
TiO, insofar as its gene profiling in being more related to aspects of
metabolic function.

3.9. Validation of NP-induced ROS generation in mitochondria

From an overall perspective, scRNAseq analysis revealed cellular
responses that are compatible with the tiered oxidative stress re-
sponse pathway, involving pro-inflammatory, and cell death re-
sponse pathways, as described earlier.[5.19,20]. Since toxic oxidative
stress can induce cell death via mitochondrial effects, it is relevant
that we observed evidence of changes in mt-Cytb and mt-Nd4 genes
that are involved in mitochondrial respiratory electron transport and
ROS signaling (Fig. 4). To confirm the gene response pathways by
more conventional cellular assays, we used the MitoSOX Red fluor-
escence staining to assess mitochondrial ROS (mtROS) production.
This indicated a significant increase in fluorescence intensity in
spheroid cells following exposure to V,05 or GO compared to the
control or TiO, (Fig. 7 A). Quantification for fluorescence intensity in
a microplate reader further confirmed that mtROS production in the
V5,05 or GO-treated spheroids increased 66.8 + 10.4% and
36.3 + 19.6%, respectively, compared to the control, with V,0s
dominating over GO (Fig. 7B). These results were consistent with the
cytotoxicity data in Fig. 2B and findings in Figs. 4 and 5 that are
compatible with oxidative stress and apoptosis-related gene ex-
pression.

Validation of NP-induced caspase-1 activation and pro-inflammatory
response pathways in 3D liver spheroids

The demonstration of increased Nuprl gene expression during
scRNAseq analysis of hepatocytes exposed to TiO, and GO, suggests
the potential involvement of pro-inflammatory responses that have
been linked to caspase-1 cytotoxicity pathways (Fig. 4) [47]. This
includes the linkage of caspase-1 to liver cell responses that have
been linked to interleukin-1p (IL-1B) and IL-18 release [48]. This
prompted us to assess caspase-1 activation, using fluorescent mi-
croscopy to observe the cleavage of the enzyme-substrate, FAM-
YVADFMK. Fig. 7 C demonstrates increased caspase-1 activation by
V,05 or GO NPs, compared to the control or TiO, nanoparticles. This
was also confirmed by quantification of the response in a micro-
plate reader, showing that V,0s and GO NPs, could increase the
signal by 133.6 + 20.5% and 31.1 + 16.5%, respectively, compared to
the control (Fig. 7D). The response to V,0s5 was significantly
stronger than for GO. These results are consistent with the cyto-
toxicity data in Fig. 2B, as well as evidence of the involvement of
the inflammasome pathways in the sequencing data displayed in
Fig. 4 and Fig. 5C.

Validation of ENM-specific cytokine production in 3D liver spheroids

Caspase-1 activation in the context of the NRLP3 inflammasome
is involved in pro-IL-1p cleavage and the release of mature IL-18 [38].
This is compatible with the data in Supplemental Table 7, which
include evidence of IL-1p gene expression in response to NP
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Fig. 6. Hepatocyte and KC subcluster analysis and enriched pathways, following NPs exposure of 3D liver spheroids. (A) The t-SNE plot of hepatocyte and KC subclusters. (B)
Heatmap of the top 10 markers of the hepatocyte and KC subclusters. (C-E) Dot plot of the enriched pathways obtained following V,0s (C), TiO, (D), and GO (E) exposure. Pathways
that were considered significant had an FDR < 0.05. Pathway enrichment was only done when there were at least 50 DEGs at a p-value < 0.05. The size of each dot is proportional

to the -log (FDR). The color of the dots corresponds to the enrichment score.

treatment of the liver spheroids. This prompted us to use an ELISA
for measuring IL-1p release from liver spheroids, following ENM
exposure. As shown in Fig. 8A, the secretion of IL-1p was increased
by 79.3 + 12.7% and 42.8 + 7.4% in response to V,0s5 and GOs, re-
spectively, without significant change for TiO, in relation to the
control. Also, V,0s NPs induced significantly stronger IL-1p release
than GO NPs, consistent with the caspase-1 activation data.

In addition to the impact on IL-1B, our scRNAseq data demon-
strated significant changes in the expression levels of TNF-«
(Supplementary Table 10) and TGF-1 (Supplementary Table 7)
pathway related genes, including evidence for the involvement of
NF-xB and the TGF-1 signaling pathways in response to NP treat-
ment (Fig. 4). We, therefore, used ELISA kits to measure TNF-a and
TGF-p1 release in the supernatants of liver spheroid cells after NP
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treatment. As shown in Fig. 8B, TNF-a production was increased by
42.3 + 2.8% and 91.0 + 9.4%, respectively after GO and TiO, treat-
ment, without significant change in response to V,05 NPs. Moreover,
Fig. 8C demonstrates that the secretion of TGF-p1 increased by
117.8 + 19.7% and 170.3 + 24.0% for V,05 and TiO, NPs, respectively,
without change for GO NPs.

Discussion

In this study, we used a 3D culture system and state-of-the-art
scRNAseq high throughput technology to perform a comparative
study of gene changes that may be indicative of toxicological re-
sponses in Kupffer cells and hepatocytes to exposure to different
ENMs, V,0s, TiO, and GO. The results demonstrate ENM- and cell-
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Table 3
Summary of the number of differentially expressed genes in the hepatocyte and KC subclusters.
Cell type Subcluster Control V,05 TiO, GO
Hepatocytes 1 Cell % 704 80.9 55.8 83.6
DEG - 231 (237) 48 (52) 99 (101)
2 Cell % 0.5 0.5 0.3 0.6
DEG - 0 (105) 0(13) 0(21)
3 Cell % 10.7 5.2 25.7 5.9
DEG - 11 (66) 4 (100) 4(32)
4 Cell % 3 2.8 1.2 0.9
DEG - 0 (175) 0(21) 0(18)
5 Cell % 1.7 13 11 1.7
DEG - 1(219) 0(36) 0 (58)
Kupffer cells 1 Cell % 7.6 6.9 71 3.5
DEG - 63 (176) 22 (96) 1(87)
2 Cell % 53 13 6.4 3.8
DEG - 3 (60) 2(93) 0 (44)
3 Cell % 0.8 11 2.5 0.1
DEG - 0(29) 0(16) 0(0)

Hepatocyte and KC DEG numbers are based on FDR < 0.05. The number of DEGs that meet the p-value < 0.05 threshold are shown in parentheses.

specific responses in liver spheroids, including response profiling
indicative of pro-inflammatory and cell death pathways commen-
surate with a hierarchical oxidative stress response pathway. Overall,
spheroid-derived hepatocytes showed the largest number of
changes in gene expression, suggesting that these cells are more
responsive to ENM effects on metabolic, inflammatory, and apop-
tosis response pathways. In addition, the changes in gene expression
were accompanied by ENM-specific effects on mtROS generation,
caspase-1 activation, and the release of IL-1p, TNF-«, and TGF-1.
Moreover, there were significant differences in the responses of
hepatocyte vs. Kupffer cells in relation to different ENMs, providing
valuable information on the range of adverse outcomes in the cells
under 3D culture conditions, which mimic the intact liver archi-
tecture. These findings can assist biomarker development to assess
nanomaterial impact on the liver, including for nanomaterial safety
assessment of nano-enabled biopharmaceuticals.

The key finding in this study is the delineation of the tox-
icological response pathways to three nanomaterials in liver spher-
oids, utilizing scRNAseq expression profiling. This corroborates
previous studies showing that 3D cell culture models can be used for
mimicking the complexity of cell-to-cell interactions under in vivo
conditions [19-21]. Moreover, 3D cultures allow the study period to
be extended for weeks, thereby allowing long-term and repetitive
exposure to potential toxicological stimuli, including ENMs. The
spheroid model also allows the study of cell-cell and cell-matrix
interactions, which are better captured during the use of scRNAseq
technology, to distinguish responses in individual cell types
[20,22-25].

In our data analysis, we identified 5 hepatocyte and 3 KC sub-
types of KCs through the use of scRNAseq technology. The spatial
arrangement of cells in the inner and outer layers of the liver
spheroid 3D architecture allowed a gradient of different exposure
conditions to the NP used in the study. Moreover, the range of he-
patocyte-to-hepatocyte, hepatocyte-to-KC, and KC-to-KC interac-
tions impact gene expression and signaling pathways that better
mimic intercellular communication in the intact liver micro-
environment [16,48]. For example, the "janitorial" function of KCs
can help to preserve hepatocytes from being damaged by cellular
debris or particulate matter through phagocytosis, and degradation
of these potential noxious stimuli [55].

The use of scRNAseq analysis provides detailed information
about the complicated molecular interactions between multiple cell
types in intact tissues as well as 3D liver spheroids, as demonstrated
in the study [28,56-59]. This also allowed us to identify hepatocyte-
and KC-specific changes in gene expression profiling during NP

13

exposure (i.e., V,0s, TiO,, and GO), with inferences about differences
in the toxicological pathways. For instance, while TiO, did not result
in any significant cytotoxic effects in hepatocytes and KCs, the sen-
sitivity of scRNAseq analysis allowed the capture of the gene and
pathway responses that could not be discerned by cytotoxic assays
alone. Interestingly, most of these non-lethal changes involved evi-
dence of TiO,-induced oxidative stress and inflammation. Not only
did this involve TLR responses to TiO, in hepatocytes, but we could
also demonstrate TLR effects for V,05 and GO in the cells. TLRs play
an important role in triggering innate immune responses and cyto-
kine production [60]. In this regard, GO nanosheets have previously
been shown to engage TLR4 and TLR9 response pathways, leading to
pro-inflammatory responses and autophagy [61]. Another pathway
engaged by all three NPs in hepatocytes or by GO and TiO; in the KCs
was the triggering of TNF-a production, which is known to play a
role in hepatitis [62,63]. Noteworthy, we could also show that en-
gagement of pro-oxidative and inflammatory pathways according to
scRNAseq analysis, could be validated by conventional assays
showing evidence of TNF-a and TGF-p1 production; TGF-g1 plays a
role in the development of tissue inflammation and fibrosis [64-67].

Dosimetry is a critical factor to consider for any toxicological
studies. Although there are in vitro and in vivo animal data available,
human data is not actively available, including the liver. The current
best-studied nanomaterial in vivo dosimetry model is physiologically
based pharmacokinetic modeling (PBPK). However, the PBPK models
so far only have limited success due to the different physicochemical
properties of nanomaterials (size, charge, shape, hydrophobicity/
hydrophilicity), protein corona, and the RES systems that can sig-
nificantly alter the nanomaterials’ PK and TK. Despite the lack of in
vivo data to extrapolate the in vitro dosimetry, the consensus is the
doses in most in vitro studies are considered high, which is more
representative of long exposure times [6,7]. Despite shortcomings in
the high in vitro doses, in vitro assays still, give highly relevant in-
formation on toxicity mechanisms that are informative of what
happens in vivo and in humans [5]. The key contribution of this study
is that it offers efficient and effective approaches and high-resolu-
tion cell-type-specific molecular insights for assessing the impact of
nanomaterials on the liver, which is useful for comparison with in
vivo animal results or human results when available.

In summary, we used the 3D liver model as a tool to evaluate the
interactions between hepatocytes and KCs that better mimic in vivo
settings and the critical functional changes in response to NP ex-
posure. Furthermore, scRNAseq analysis could also elucidate tox-
icological response pathways to different NPs and liver cell types at a
more sensitive level than conventional screening technology. This
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Fig. 7. Confirmation of apoptotic and inflammatory pathways in 3D liver spheroids. (A) Fluorescent images to determine mtROS generation by various NPs in 3D liver spheroids.
Liver spheroids were exposed to 25 pg/mL of the materials for 16 h, before staining with 5 uM MitoSOX red for 15 min in HBSS, followed by staining with Hoechst 33342 (blue) for
45 min. The scale bar represents 50 um. (B) Quantification of mtROS generation in liver spheroids in a microplate reader. The fluorescence intensity was detected at excitation/
emission wavelengths of 510/580 nm. * represents a p-value < 0.05 compared to the untreated control. (C) Fluorescent images to determine caspase-1 activation by various NPs in
3D liver spheroids. Liver spheroids were exposed to 25 pg/mL of the materials for 16 h, before staining with the FAM-FLICA caspase-1 substrate (green) for 1 h and then with
Hoechst 33342 (blue) for 30 min. The scale bar represents 50 pm. (D) Quantification of caspase-1 activation in liver spheroids using a microplate reader. The fluorescence intensity
was monitored at excitation/emission wavelengths of 492/520 nm. * represents a p-value < 0.05 compared to the untreated control.

implies that the use of scRNAseq technology in 3D liver models
could provide a more sensitive and high throughput platform for the
assessment of ENM-induced hepatotoxicity, which can also be used
for pathway analysis and implementation of more conventional
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biomarker screening. Such an undertaking would best proceed if
done in conjunction with animal models to compare the particle-
specific effects on participating liver cell types that may be per-
turbed by ENM exposure.
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Fig. 8. Determination of NP type-specific cytokine production in 3D liver spheroids.
LPS-primed (1pg/mL, 4h) liver spheroids were exposed to the NPs for 24h.
Supernatants were collected to measure IL-1p (A), TNF-a (B), and TGF-p1 (C) pro-
duction by ELISA, respectively. *, p-value < 0.05, shows a significant difference from
the control.

Conclusions

In this study, we demonstrate ENMs- and cell-type-specific tox-
icological responses using scRNAseq technology as well as linked
cellular assays in a 3D liver model. The scRNAseq technology allowed
us to observe cell-type and NP-specific DEGs and pathways. V,05
NPs were found to exert more adverse effects that involve pro-in-
flammatory and apoptotic response pathways, as compared to GO
and TiO,. In 3D liver spheroids, NP treatment showed more gene
expression alterations and signaling system disruption in hepato-
cytes than KCs. Importantly, based on findings from scRNAseq, TiO,
and V,05 NPs were found to cause significant TGF-B production,
which has not previously been elucidated. Our studies offer efficient
and effective approaches and high-resolution cell-type-specific
molecular insights for assessing the impact of nanomaterials on the
liver in biomedical applications.
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