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Introduction: Hepatocellular carcinoma (HCC) is the main hepatic primary malignancy. Patients with advanced HCC receiving the
recommended therapies have a poor outcome. In different settings, nanotechnology has gained attraction as a potential alternative
strategy for improving therapeutic effectiveness. Among several nanoparticles (NPs), inorganic NPs, such as zinc and silicon oxides
(ZnO and Si0,), are mainly chosen as drug nanocarriers, as both present great adsorption properties and biocompatibility.

Aim: The objective is to identify the molecular mechanisms underlying the proapoptotic effects of ZnO and SiO, NPs in differentiated
hepatoblastoma cells (HepG2) and mesenchymal liver cancer cells (SNU449).

Methods: Dose-dependent induction of cell cytotoxicity by ZnO and SiO, NPs (5 to 50 pg/mL) was determined in HepG2 and
SNU449 cells. NPs intracellular localization was assessed using transmission electron microscopy (TEM). Cell death was determined
by trypan blue staining and caspase-3 and —8 activities. Cell respiration was determined using MitroStress assay (Seahorse, Agilent).
Results: ZnO NPs, but not SiO, NPs, reduced cell viability in HepG2 and SNU449. Interestingly, SNU449 appeared to be more
susceptible than HepG2 to ZnO NPs (IC50 of 27.4 + 1.4 pg/mL and 41.8 + 0.4 pg/mL, respectively). SiO, NPs tended to be localized
in lysosomes in both cell lines, while ZnO NPs demonstrated a random distribution with a high presence in mitochondria and related
structures. As expected, SiO, NPs did not reduce cell survival and cell respiration, while ZnO NPs promoted cell death and decreased
oxygen consumption rate. ZnO NPs mitochondrial accumulation was associated with increased apoptosis in HepG2, while necroa-
poptosis was mainly involved in ZnO-induced cell death in SNU449.

Conclusion: SiO, demonstrated no cytotoxic profile against liver cancer cells. ZnO NPs demonstrated to accumulate in mitochondria
impacting cell respiration and cell death in liver cancer cells. ZnO induced apoptosis and necroptosis in HepG2 and SNU449,
respectively.

Keywords: apoptosis, cell respiration, hepatocellular carcinoma, metastasis, mitochondrial dysfunction

Introduction

The incidence and mortality rates of cancer are on the rise globally, representing a significant challenge to life expectancy
gains in this century.' Among various forms of cancer, hepatocellular carcinoma (HCC) is the sixth most prevalent neoplasm,
responsible for 600,000 deaths annually. HCC is the primary malignant tumor of the liver, developing in the context of
cirrhosis in 80-90% of cases. A number of risk factors have been identified that are associated with the development of HCC.
These include hepatitis B (HBV) and C (HCV) viral infections, alcohol consumption, aflatoxin B1, metabolic-associated
steatotic liver disease (MASLD), tobacco use, diabetes and congenital diseases. The stage of the disease and the most
appropriate therapeutic recommendations for patients with HCC are identified according to the Barcelona Clinic Liver
Cancer (BCLC) criteria, taking into account the number, size and vascular invasion, presence of extrahepatic tumors, liver
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function and status of the patient.” The most effective treatments (radiofrequency, resection, and orthotopic liver transplant or
OLT) are recommended for patients in the early stages of the disease (BCLC 0-A) with one to three tumors measuring less
than or equal to 3 cm, good liver function (Child-Pugh A-B), asymptomatic (Performance Status 0), and no vascular invasion
or extrahepatic metastasis. The five-year survival rate for these patients is between 50 and 80%, with an overall mean
survival period exceeding 60 months.’> However, currently, only one-third of patients diagnosed with HCC fall within the
0-A BCLC stage. Transarterial chemoembolization (TACE) using microspheres charged with doxorubicin is the recom-
mended course of treatment for patients at the intermediate stage (BCLC B), with an overall mean survival of 26 months.’
Patients with unfavorable prognostic factors, including vascular invasion, extrahepatic metastasis, and/or deterioration of
liver function (BCLC C), are classified as advanced stage cases. They are recommended to receive Atezolizumab
+Bevacizumab, Durvalumab+Tremelimumab, Sorafenib, and Lenvatinib as first-line therapies.4 The overall mean survival
of patients in the advanced stage receiving these treatments ranges from 11 to 19.2 months.’

It should be noted that administration of Sorafenib is associated with a number of complications, including fatigue,
diarrhea, skin irritation, hand-foot syndrome (characterized by redness, pain, inflammation, and blisters on the palms or
soles), hypertension, bleeding, weight loss, infections, peripheral nerve sensory disorders, and laboratory abnormalities
(hypophosphatemia, hyperamylasemia, lipase). These adverse side effects result from the drug’s lack of cell specificity
and water insolubility. This necessitates the administration of high doses to ensure an effective treatment, which, in most
cases, results in the reduction or suspension of the treatment.® In light of these considerations, there is a growing interest
in exploring alternative therapeutic options and drug nanovectorization as potential avenues for enhancing efficacy while
minimizing adverse effects, particularly within the context of modern oncology. A number of nano- and microparticle-
based approaches are currently in development with the objective of reducing the dosage of Sorafenib. These include

10712 core—shell microcapsules,'*'* liquid

liposomes,” polymeric nanoparticles,>” mesoporous nanoparticles (NPs),
crystalline NPs,"? solid lipid NPs,'®'* and neutral amphiphilic cyclodextrin-based nanocomposites.*

Among the various types of nanoparticles that have already been developed and characterized, silicon oxide (SiO;) NPs
and zinc oxide (ZnO) NPs have been selected with great frequency as nanocarriers due to their high drug adsorption potential
and biocompatibility. SiO, NPs have become a cornerstone of nanomedicine, with their first use as drug carriers in 2001.%'
SiO, NPs are a highly biocompatible and biodegradable material with a large surface area and high pore volume, offering
significant advantages over other nanocarriers. They are ideal for drug loading, with the ability to accommodate a diverse
range of drugs, including (i) hydrophobic; (ii) hydrophilic drugs; (iii) proteins, and (iv) genes.”* A review of the literature
reveals that controlled drug release, higher biocompatibility, and improved drug stability in the biological environment are all
benefits of associating the drug molecule with Si-NPs, as opposed to leaving it free (ie, non-associated with Si-NPs).*?
Similar to SiO, NPs, Zn-NPs and, more specifically, zinc oxide (ZnO) NPs, stand out for their biosafety. They are one of the
five oxides considered safe and approved by the FDA. They are used, for example, as antimicrobial agents and
sunscreens.”**> In addition to the potential for carrying drugs, similar to that observed with SiO, NPs, ZnO NPs also
demonstrate promising antitumor activity.”> The antitumoral potential of ZnO NPs has already been demonstrated in the
treatment of melanoma cells,?® breast cancer cells,”® prostate cancer cells, and also HCC, demonstrating promising potential
in cancer therapy.®®

Despite the increasing development of nanocarriers, there is still a lack of literature demonstrating the NPs’
mechanism in different cell lineages. The aim of this study is to compare the mechanism and future drug delivery
potential of each NPs in differentiated and poorly differentiated HCC cell lines. This is the first report to assess the
mechanism of both Si- and Zn-NPs, two main chosen NPs as drug nanocarriers, in differentiated hepatoblastoma cells
and metastatic liver cancer cells. Furthermore, the study evaluates the best application of each nanomaterial for direct
liver cancer treatment or their use as vectors for tyrosine kinase inhibitor incorporation.

Material and Methods
Synthesis and Characterization of SiO; and ZnO NPs

Si0, NPs were synthesized by sol-gel method as previously demonstrated by our group.”’ Tetraethyl orthosilicate
(131903, Sigma Aldrich, San Luis, USA) was diluted in water (1:10 v/v) and mixed with absolute ethanol/ammonium
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hydroxide (LabSynth, Diadema, Brazil) (10:1 v/v), in a proportion of 1:2. The mixture was vigorously stirred for 2 h and
an excess of ethanol was added to stop the reaction. The obtained SiO, NPs were isolated by centrifugation, washed with
ultrapure water, and dried at 60°C overnight. ZnO NPs were synthesized by the hydrothermal method adapted by our
group.”® Sodium hydroxide (1 mol/L) (LabSynth) was slowly added to an aqueous solution of zinc acetate dihydrate
(10 mmol/L) (20625, Sigma-Aldrich, St Louis, USA) under constant stirring. The final suspension was transferred to an
autoclave and incubated at 170°C for 10 hours. The resulting material was washed with absolute ethanol and deionized
water and dried in an oven at 60°C for 2 hours. SiO, NPs and ZnO NPs were characterized by various techniques such as
transmission electron microscopy (TEM, Carl Zeiss 120, Zeiss International, Oberkochen, Germany), X-ray diffraction
(XRD, Stoe®, Darmstadt, Germany), Fourier transform infrared spectroscopy (FTIR, PerkinElmer, Waltham, MA, USA),
dynamic light scattering (DLS) and electrophoretic mobility (Zetasizer nanoseries, Malvern Instruments, UK) to confirm
their morphology, size and crystalline structure.

Cell Culture

Experimental procedures were carried out using a HepG2 cell line (Ref. HB-8065™, ATCC-LGC Standards, S.L.U.,
Barcelona, Spain), and SNU449 cell line (CRL-2234, ATCC/LGC Standards). Both cells were cultured in MEM with
Earle’s salts with L-glutamine with non-essential amino acids (Ref. 11140035, Gibco, ThermoFisher Scientific,
Waltham, USA), penicillin-streptomycin solution (100 U/mL-100 pg/mL) (Ref. 15640055, Gibco), sodium pyruvate
(1 mmol/L) (Ref. 11360070, Gibco), and 10% fetal bovine serum (FBS) (F7524, Sigma-Aldrich), in a humidified
incubator with 5% CO,, at 37°C. Cells were plated at 100,000 cells cm? and allowed to stabilize for 24 hours prior to
treatment. Stock SiO, and ZnO NPs (2 mg/mL) were sonicated and diluted according to each concentration evaluated.

Cell Viability Assay

Trypan blue staining was used to assess cell viability.”” Cells were treated with a wide range of SiO, or ZnO NPs (5, 15,
20, 30, 40 and 50 pg/mL). After 24 hours, cells were harvested and stained with trypan blue. The percentage of blue
relative to the total number of cells was used as a marker of reduced cell viability. A similar procedure was used to
evaluate cell viability in the presence of necroptosis and ferroptosis inhibitors. Necrostatin-1 (50 umol/L) (480065,
Sigma Aldrich) and ferrostatin-1 (10 pmol/L) (SML0583, Sigma Aldrich) were administered 30 min before NPs.>*3! The
experiment was then performed as described above.

SiO; and ZnO Cellular Localization

HepG2 and SNU449 cells treated with either SiO, or ZnO NPs (15 pg/mL) were analyzed by TEM (Zeiss Libra 120,
Zeiss International) to investigate the localization of NPs in HCC cells. After 24 hours of treatment, cells were harvested
and fixed with glutaraldehyde (2.5%) for 1 hour at 4°C. After removal of the fixative, cells were washed several times
with cacodylate 0.1 mol/L and postfixed with osmium (1%) for 1 hour at 4°C.*? The samples were washed with distilled
water and uranyl (2%) was added. Finally, the samples were dehydrated and immersed in resin which was polymerized at
60°C.*? The resin was cut into 70 nm slices, which were placed on TEM grids for posterior visualization.

Activation of Endocytic Pathways

The involvement of endocytic pathways in NPs uptake was assessed by the fluorescence of FM1-43 dye. Cells were
plated on glass slides pretreated with poly-lysine/collagen (1:1). Cells were treated with ZnO or SiO, NPs (15 pg/mL) for
10 minutes in the absence of a dynamin inhibitor, dynasore monohydrate (D7693, Sigma Aldrich), followed by the
addition of FM1-43 (T3163, Invitrogen). Rapamycin 200 nmol/L (37094, Sigma Aldrich) was used as a positive
control.>® Cells were visualized within 10 min after the dye addition using a confocal microscope Nikon AIR+
(Nikon, Tokyo, Japan), coupled with an argon laser for excitation at 473 nm and emission at 579 nm. Images were
obtained using 40x lens, a pinhole of 1.0, and an argonium laser with a potency of 3.5 and a HV(G) of 65 (Ex 488/Em
570-620).
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Caspase 3 and 8 Activities

Caspase-3- and caspase-8-associated activities were determined using Caspase-Glo™-3 and —8 assay systems (G8091 and
G8200, respectively, Promega, Madison, USA) in HepG2 and SNU449 cells under treatment with SiO, or ZnO NPs (15, 20,
25, and 30 pg/mL) for 24 hours.?® Cell lysate (20 pg protein in 20 pL) was incubated with 20 pL of commercial substrate for
1 hour at room temperature in the dark. Chemiluminescence was measured using an Infinite 200 PRO microplate reader
(TECAN, Ménnedorf, Switzerland). Data were analyzed and expressed as percentage of untreated cells (control).

Cellular Respiration

Mitochondrial respiration or oxygen consumption rate (OCR) was assessed using the Cell MitoStress Test Kit (Ref.
103010100, Agilent Technologies, Santa Clara, California USA) in the XF Pro Analyzer (Agilent Technologies).>* Cells
were plated on Seahorse XFe96/XF Pro cell culture microplates. Cell respiration was determined in SiO, or ZnO treated
HepG2 and SNU449 cells. The protocol consisted of loading the sensor cartridge ports with 1 pmol/L oligomycin,
0.5 pmol/L FCCP, and 0.5 pmol/L rotenone/antimycin A. The assay medium consisted of basal medium (pH 7.4)
supplemented with 1 mmol/L sodium pyruvate, 2 mmol/L glutamine, 10 mmol/L glucose.

Statistical Analysis

Data are expressed as mean + standard error of the mean (SEM) from three to five independent experiments. Statistical
analyses were performed using GraphPad Prism 8.0 software. Statistical significance was determined by analysis of

variance (ANOVA) followed by Tukey’s or Sidak’s post-test, as described in the figure legends. The significance level
was set at *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

Results
Synthesis and Characterization of SiO, and ZnO NPs

SiO, and ZnO NPs were successfully synthesized by sol-gel and hydrothermal synthesis, respectively, as shown in
Figure 1. SiO, NPs showed a spherical morphology, with a solid size of 158 + 20 nm and a hydrodynamic size of 155 +
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Figure | Physicochemical characterization of SiO, and ZnO NPs, showing transmission electron micrographs (A and D), FTIR spectra (B and E), and XRD diffractogram
(C and F) of SiO2 NPs and ZnO NPs, respectively.
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12.3 nm (% number), a polydispersity index (PDI) of 0.144 + 0.044, and a zeta potential of —27.3 = 0.5 mV. ZnO NPs
showed a nanoplate morphology with a mean solid size of 89.5 + 18.9 nm and a hydrodynamic size of 140.8 = 17.3 nm,
with a negative zeta potential of —20.57 + 7.41 mV and a PDI of 0.23 + 0.04. In addition, the hydrodynamic stability of
both NPs was evaluated in phosphate buffer solution (PBS) or culture medium containing 10% FBS (Figure S1). For
SiO, NPs, the hydrodynamic size was increased by 26% in PBS and decreased by 21% in culture medium containing
10% FBS, indicating a slight tendency of aggregation in the salt solution and a higher stability in the serum-containing
medium. For ZnO NPs, a decrease of 13% was observed in PBS, while an increase of 19% was observed in culture
medium containing 10% FBS. Overall, both NPs showed high stability in all the media evaluated.

The structure of both NPs was also confirmed by FTIR and XRD analysis. The FTIR spectra of SiO, NPs are shown
in Figure 1B, which shows a characteristic stretching peak at 3413.68 cm ', corresponding to O-H stretching, and the
bands related to asymmetric (1078 cm™ ') and symmetric (950 cm ™) stretching of Si-O-Si.*>> The XRD diffractogram of

SiO, NPs (Figure 1C) shows a characteristic peak at 20 = 21°, corresponding to the amorphous silica structure.*®

The FTIR spectrum of ZnO NPs is shown in Figure 1E. Characteristic and fundamental stretching bands were
1

observed in the region of 2981 ¢cm ' and 1566 cm™', which correspond to the stretching of the -OH functional group,
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Figure 2 Endosomal incorporation of SiO; or ZnO (15 pg/mL) in HepG2 (A) and SNU449 (B) cells. The administration of rapamycin (200 nM) was used as a positive
Control (C+). Inhibition of the endocytic pathway was performed with dynasore (80 uM). Data are expressed as the mean + SEM of 5 independent experiments. **p<0.01
and *p<0.05.
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while the bands at 1414 cm ™" and 688 cm ™' correspond, respectively, to -CH; absorption stretches and metal-oxygen (Zn-
0) vibration mode in ZnO NPs.?’ Figure 1F shows the XRD analysis of ZnO NPs, indicating peaks at 20: 31.8°, 34.5°,
36.3°,47.6°, 56.6°, 62.9°, 66.4°, 67.9°, 69.2° and 77.0°, which correspond respectively to the planes (100), (002), (101),
(102), (110), (103), (200), (112), (201) and (202), confirming a hexagonal crystal geometry according to JCPSD card
no. 01-007-2551.%*

Incorporation of NPs in Liver Cancer Cells

NPs can be incorporated into cells by endocytosis or by non-endocytic mechanisms such as passive diffusion, pore
formation, electroporation or microinjection.>**' We investigated the role of NPs-dependent endocytosis in a well-
differentiated cell line (HepG2) and in a poorly differentiated cell line (SNU449). The FM1-43 probe was used to assess
the involvement of the endocytic pathway during NPs uptake by cells.** Figure 2 shows the images of HepG2 (Panel A)
and SNU449 (Panel B) cells stained with FM1-43, treated with either ZnO NPs or SiO, NPs, in the presence or absence
of dynasore. Although the endocytic pathway appeared to be actively involved in NPs uptake based on the dynasore
effect, the intensity of FM1-43 staining in HepG2 appeared to be more pronounced than that of SNU449 in the presence
of ZnO NPs or SiO, NPs (Figure 2A and B).

SiO, and ZnO Cellular Localization

Intracellular accumulation of SiO, and ZnO NPs was determined by TEM in HepG2 and SNU449 cells. Control HepG2
and SNU449 are shown in Figure 3A and F, respectively. SiO, NPs accumulated in lysosome-like structures in both
HepG2 (Figure 3B and C) and SNU449 cells (Figure 3G and H). ZnO NPs were mainly located in mitochondria in
HepG2 cells (Figure 3D and E), while ZnO NPs were widely distributed in endoplasmic reticulum-like structures,
cytoplasm, and finally in mitochondria and nuclei in SNU449 cells (Figure 31 and J).

Measurement of Cell Death Induced by SiO, or ZnO NPs

Cell death was determined by trypan blue exclusion (Figure 4, panel A), caspase-3 and —8 activities (Figure 4, panel B) in
Si0,- and ZnO-treated HepG2 and SNU449 cells after 24 hours. ZnO NPs induced a concentration-dependent cell membrane
alteration in HepG2 and SNU449 cells. Interestingly, SNU449 appeared to be more sensitive to the effect of ZnO NPs than
HepG2 with a significant decrease in cell viability at 20 pg/mL vs 50 pg/mL, respectively. The higher sensitivity of SNU449

s
A

Figure 3 Transmission electron micrographs of (A) HepG2 control cells (2500x of magnification); (B) and (C) HepG2 cells treated with SiO; NPs (1600x and 6300x of
magnification, respectively); (D) and (E) HepG2 cells treated with ZnO NPs (1600x and 6300x of magnification, respectively); (F) SNU449 control cells (2500x of
magnification); (G) and (H) SNU449 cells treated with SiO, NPs (1600x and 6300x of magnification, respectively); (I) and (J) SNU449 cells treated with ZnO NPs (1600x
and 6300x of magnification, respectively). Yellow arrows indicate the localization of SiO; NPs or ZnO NPs, inside HepG2 or SNU449 cells.
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Figure 4 Cell viability of HepG2 and SNU449 cells treated with SiO, or ZnO NPs (5-50 pg/mL) for 24 h (A). Caspase-3 and —8 activities of HepG2 and SNU449 cells
treated with SiO; or ZnO NPs (15, 20, 25 and 20 pg/mL) for 24 h (B). Data are expressed as the mean + SEM of 3 independent experiments. ***p<0.0001, ***p<0.001,
*#p<0.01 and *p<0.05.

cells vs HepG2 cells to ZnO NPs was associated with a lower IC50 in SNU449 (27.4 + 1.4 ug/mL vs 41.8 £ 0.4 pg/mL). In
marked contrast, SiO, NPs did not affect cell viability in either HepG2 or SNU449 cells at any concentration tested.

Caspase-3 and —8 activities were used as a marker of apoptosis. Caspase-3 and —8 were not altered in SiO,-treated
HepG2 and SNU449 (left panel). ZnO NPs significantly increased caspase-3, but not caspase-8, in HepG2 (right panel).
Interestingly, ZnO NPs reduced caspase-3 and caspase-8 in SNU449 cells in a dose-dependent manner. This different
profile suggests different cell death patterns induced by ZnO NPs in HepG2 and SNU449.%4

The involvement of ferroptosis and necroptosis in ZnO (50 pg/mL) NPs-induced cell death in HepG2 and SNU449
was determined using inhibitors such as ferrostatin-1 (10 mm) and necrostatin-1 (50 mm), respectively (Figure 5).
Inhibition of ferroptosis and necroptosis did not alter the reduction in cell viability induced by ZnO NPs in HepG2 cells
(Figure 5A and B). In contrast, although ferrostatin-1 did not alter the ZnO NPs-dependent reduction of cell viability,
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Figure 5 Effect of ferrostatin-1 (10 mm) and necrostatin-1 (50 mm) in the reduction of cell viability induced by ZnO NPs (50 pug/mL) in HepG2 (A and B, respectively) and
SNU449 (C and D, respectively). Data are expressed as mean * SEM from 3 independent experiments. ***¥p<0.0001.

necrostatin-1 significantly restored cell viability from 9% to 33% in SNU449, suggesting that the necroptosis pathway
might be involved (Figure 5C and D).

Cellular Respiration

We evaluated the alteration of mitochondrial respiration by NPs in HepG2 (Figure 6A) and SNU449 (Figure 6B) cells.
SiO, NPs did not affect OCR (Figure 6A and B) and basal cell respiration (Figure 6C and D) in HepG2 and SNU449
cells, respectively. However, ZnO NPs reduced OCR in HepG2 cells even at non-cytotoxic doses. ZnO NPs drastically
downregulated OCR (Figure 6A and B) and basal cell respiration (Figure 6C and D) in both cell lines.

Discussion

HCC is the most common form of primary liver cancer and is recognized as the fourth leading cause of cancer-related
death worldwide, accounting for more than one million deaths annually by 2030.** In addition, only one-third of HCC
patients are diagnosed in the early stages and are eligible for curative treatment; the remainder are in the intermediate/
advanced stages with poor prognosis and a 5-year survival rate of less than 10%.% In this work, we aimed to determine
the uptake, cellular distribution and cell death induced by SiO, and ZnO NPs in liver cancer cells at early and advanced
stages of cell dedifferentiation (HepG2 and SNU449, respectively). HepG2 was derived from a well-differentiated liver
tumor of a 15-year-old Caucasian American male and SNU449 was derived from a poorly differentiated, HBV-positive
52-year-old Korean male. Both cell lines are used as a reference of early and advanced liver cancer cells and represent
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Figure 6 Alteration of oxygen consumption rate (OCR) (A and B) and basal cell respiration (C and D) by SiO;, or ZnO NPs (0-30 pg/mL) for 24 h in cultured HepG2 and
SNU449 cells, respectively. Data are expressed as the mean + SEM of 4 independent experiments. **p<0.0001, ***p<0.001 and **p<0.01.

a suitable cell model to evaluate the efficacy of the NPs being studied.*® SNU449 showed typical characteristics of
mesenchymal cells with a lower response to Sorafenib than HepG2.?° SiO, and ZnO NPs have been extensively studied
in the field of nanomedicine. They have already been reported as promising nanocarriers for Sorafenib.*’ In addition,
both NPs have already demonstrated an optimal range of biocompatibility.***® The study sheds light on the molecular
mechanisms of SiO, and ZnO NPs to incorporate and ultimately induce cell death in liver cancer cells. These features are
relevant for the design of future NPs-based therapies.

Our results demonstrated that SiO, and ZnO NPs were able to be taken up by HepG2 and SNU449 cells via endocytic
pathways, which appeared to be more active in the more differentiated cell line. This differential functionality of the
endocytic pathway between HepG2 and SNU449 may be relevant to the increased efficacy of NPs in inducing cell death
in SNU449 than in HepG2, considering that endocytosis fulfills several critical cellular functions, the effective degrada-
tion pathway being one of those that may be relevant in the present setting.** Furthermore, we observed that SiO, NPs
accumulated in lysosomal-like cell compartments without any sign of cell death. In contrast, ZnO NPs were located in
the mitochondrial compartment in HepG2 and were randomly distributed in the cytoplasm, endoplasmic reticulum-like
structures, nucleus, and finally in the mitochondria in SNU449 cells. This differential distribution of ZnO NPs versus
SiO, NPs was associated with increased caspase-3 and decreased OCR in HepG2. Interestingly, the wide intracellular
distribution of ZnO NPs in SNU449 was associated with decreased caspase-3 and —8 activities, drastic downregulation of
OCR, and identification of increased necrotic features such as increased trypan blue staining. The use of necrostatin-1
and ferrostatin-1 highlighted the importance of necroptosis in ZnO NPs-induced cell death in SNU449.

In agreement with our study, Sahu et al** have shown that ZnO exerts more potent concentration-dependent
cytotoxicity than SiO, NPs in human lung epithelial cells (L-132) and human monocytes (THP-1). However, when the
size of NPs was considered, it was observed that nano NPs tend to exert more potent cytotoxicity in L-132 and THP-1,
especially in the presence of SiO,.*’ The reduction of THP-1 survival rates by ZnO NPs was associated with the
reduction of cell Aym and ATP levels and the generation of reactive oxygen species.’® Our study showed that ZnO NPs
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accumulated in the mitochondrial fraction, which may play a relevant role in mitochondrial dysfunction and reduced
OCR induced by NPs.

These results indicate a promising use of both NPs against liver cancer cells, suggesting that each should be used
differently. While SiO, NPs show great potential to carry drugs with low cytotoxicity, accumulating mainly in lysosomes,
ZnO NPs could be used in advanced stages of the disease, even potentialized by combining a specific drug considering
the mitochondrial target. We hope that with our results and future work in this field, antitumor treatments will be more
personalized for an effective treatment with minimal side effects.

Conclusion

Although NPs demonstrated potential to be used as drug nanocarriers for future cancer treatments, the use of ZnO NPs
exerted an additional cytotoxicity effect in liver cancer cells. The differential trafficking efficacy of differentiated versus
metastatic liver cancer cells may influence the increased efficacy of ZnO NPs in SNU449 than HepG2 cells. ZnO NPs
induced apoptotic cell death in HepG2, while necroptosis appeared to be associated with SNU449 cell death.
Furthermore, the direct modification of mitochondrial function by ZnO NPs is highly relevant in the context of oncology.
In fact, the antitumor properties of tyrosine kinase inhibitors are largely related to profound mitochondrial

dysfunction.?*!
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