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ABSTRACT

Cervical cancer is the fourth most prevalent malignancy among women globally. Zinc oxide
nanoparticles (ZnO-NPs)-possess significant potential in cancer therapy due to their unique
physicochemical properties, biocompatibility, and apoptosis-inducing abilities. While ZnO-NPs
have been examined in Hela cells and peripheral blood mononuclear cells (PBMCs) individually,
their immunological and angiogenesis-related cffects in immune-tumor co-culture systems was
insufficiently investigated. This study assessed the apoptotic, anti-angiogenic, and cytokine-
modulating effects of ZnO-NPs in a HeL.a/PBMC co-culture model.

HelLa cells were co-cultured with PBMCs and treated with ZnO-NPs under different groups.
Cytotoxicity was evaluated using MTT assay, apoptosis was analyzed by flow cytometry, and gene
expression levels were measured using real-time PCR.

ZnO-NPs  significantly reduced Hela cells viability with a half maximal inhibitory
concentration (ICsp) of 7 pg/ml., while PBMCs showed more resistance (IC50=40 ng/mL). In the
HelLa/PBMC/ZnO co-cultute group, gene expression analysis in PBMCs revealed significant
upregulation of IL7B, TNF, IFNG, and TGFB1 compared with the HelLa/PBMC group, while II.2
and IL4 expression levels showed no significant changes. 'EGEF.A expression in Hela cells was
reduced in all treated gtoups, with the greatest decrease in the HelLa/PBMC/ZnO group. Co-culture
with PBMCs and ZnO-NP treatment significantly promoted apoptosis in Hela cells.

In conclusion, ZnO-NPs induce cytotoxic and anti-angiogenic effects on Hela cells,
particularly within a PBMC co-culture setting, highlighting the contribution of immune—tumor
interactions to ZnO-NP-mediated anti-cancer responses; however, more investigations at the
protein and functional levels are necessary to validate these effects.
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INTRODUCTION

Cervical cancer, the fourth most prevalent disease
diagnosed in women globally, is one of the main causes
of cancer-related mortality among women.! Over the
past decade, there have been major developments in the
diagnosis and treatment of cervical cancer. The overall
survival has significantly improved as a result of
therapeutic ~advancements, and researchers are
attempting to create novel medications to treat cervical
cancer. For advanced or metastatic cervical cancer,
pembrolizumab, a programmed cell death protein-1
(PD-1)-targeting immunotherapeutic agent, has shown
the highest efficacy among current options.? Overall and
progression-free  survival rates increase Wwhen
bevacizumab, an anti- vascular endothelial growth factor
(VEGF) drug, or chemotherapy is added; nevertheless,
these combination treatments still have drawbacks, such
as adverse side effects and partial tumor regression.

Nanoparticles (NPs) have attracted the attention of
scientists in recent years because of their high efficacy
and safety.* In recent decades, nanotechnology-based
therapeutic and diagnostic techniques-.have shown
tremendous promise in improving cancer therapy.’
Several types of inorganic metal oxides, such as titanium
dioxide (TiO»), copper (II) oxide (CuO), and zinec oxide
nanoparticles (ZnO-NPs), have been developed/and are
being actively investigated for biomedical applications.
Among these, ZnO-NPs. have garnered significant
attention due to their affordability, ease of synthesis, and
unique physicochemical properties. Their small size
allows for efficient cellular uptake and bioavailability;
making them a favorable option for biomedical use.®
Regardless of the synthesis method employed, all types
of ZnO-NPs have proved to be efficient in cancer
management through mechanisms such as tumor cell
apoptosis, anti-angiogenic effects, and targeted drug
release.”®

In addition to their application in the treatment of
cancer, ZnO-NPs offer a wide range of other medicinal
uses, including antimicrobial, anti-diabetic, anti-
inflammatory, anti-aging properties, and also in wound
healing and bioimaging studies.”'°

Although numerous studies have examined the
effects of ZnO-NPs on individual HeLa cells and
peripheral blood mononuclear cells (PBMCs), their
impact in immune—tumor co-culture systems were
poorly understood. As most previous studies have relied
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on monoculture models, they provide limited insight
into immune—tumor interactions within the tumor
microenvironment (TME). A co-culture model, like
HeLa cells with PBMCs, more closely resembles TME,
since it includes immune components that may secrete
cytokines and communicate with one another across
cells, both of which affect tumor behavior and treatment
response.!! To address this limitation, the present study
employed a HeLa/PBMC co-culture model to
investigate the immunomodulatory, cytotoxic, and anti-
angiogenic effects of ZnO-NPs in a more
physiologically relevant context. Moreover, inclusion of
PBMCs provide an immunological environment that
enables the assessment of immune—tumor interactions,
thereby enhancing the translational relevance of the
model compared with monoculture systems. In cervical
cancer, effective immune . surveillance relies on
coordinated interactions between immune cells and
tumor cells, and disruption of these interactions can
contribute to tumor progression and immune escape.

Cytokines, including interleukin 1 beta (IL1B),
interleukin 2 (IL.2), interleukin 4 (IL4), tumor necrosis
factor (INE), transforming growth factor beta 1
(TGEB/), and interferon gamma (IFNG) , regulate the
intricate interactions within TME, influencing immune
cell activation, differentiation, and effector activities.'?
Pro-inflammatory cytokines such as [I.7B, TNF, and
IFNG enhance anti-tumor immunity by increasing
cytotoxic responses, whereas II 4 and TGFB7 promote
immunosuppressive pathways that facilitate tumor
immune evasion.'* Furthermore, I'EGFA -mediated
angiogenesis stimulates tumor progression and modifies
immune cell infiltration.'* Investigating cytokine and
IVEGFEA expression patterns in PBMCs co-cultured
with HeLa cells treated with ZnO-NPs helps the
identification of immunomodulatory mechanisms that
mediate nanoparticle-induced anti-tumor impacts.

The aim of this study was to investigate the
immunomodulatory, cytotoxic, apoptotic, and anti-
angiogenic effects of ZnO-NPs on HeLa cells within a
PBMC co-culture model, in order to better mimic
immune—tumor interactions in TME.

MATERIALS AND METHODS
Cell Culture

HeLa cells were purchased from the National Center
for Genetic and Biological Resources of Iran (IRBS).
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The cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) (Gibco, USA) supplemented with
10% fetal bovine serum (FBS) (Anacell, Iran) and
antibiotics, including 100 U/mL penicillin (Gibco,
USA), and 100 pg/mL streptomycin (Gibco, USA) and
incubated under optimal conditions in a humidified
incubator at 37°C with 5% CO,. All treatments and
experiments were performed in duplicate.

Isolation of PBMCs

For the isolation of PBMCs, peripheral blood
samples were collected from three healthy donors in
tubes containing EDTA anticoagulant after providing
written informed consent. The blood samples were
diluted 1:1 with phosphate-buffered saline (PBS) and
overlayed on Ficoll-Paque with density gradient 1.071
(Pars Azma Teb, IRAN) and mononuclear cells were
separated by 20 minutes centrifugation at 400 g. The
collected PBMCs were resuspended in RPMI 1640
medium (Gibco, USA) supplemented with 10% FBS for
subsequent experiments.

Characterization of ZnO-NPs

The ZnO-NPs used in this study-were purchased
from US Research Nanomaterials; Inc., Houston, US.
The particle size distribution of the ZnO-NPs was
determined using DLS (Malvern Zetasizer, UK) and
Zetasizer Ver. 6.01 software. The NPs were dispersed in
deionized water (dispersant refractive index: 1.33), and
measurements were performed at 25.0°C with a
viscosity of 0.8872 cP. The sample was prepared using a
low-volume( disposable sizing cuvette and analyzed
under optimized settings.

The morphology and composition of the NPs were
examined using a field emission scanning electron
microscope (FE-SEM)." Furthermore, to assess the
elemental types and their distribution within the ZnO-
NPs structure, an energy dispersive spectrometer (EDS)
system (S-4100, Hitachi, Japan) fitted with the FE-SEM
was employed.

Cytotoxicity Assay

To evaluate the cytotoxic effects of ZnO-NPs on
HeLa cells and determine their half maximal inhibitory
concentration (ICso), MTT assay was employed. HeLa
cells were cultured and passaged to acclimate to the
culture conditions. Subsequently, 10,000 cells were
seeded into each well of a 96-well plate. After overnight
incubation, the cells were treated with serial
concentrations of ZnO in duplicate manner and

incubated for 24 hours. After removing the supernatant,
100 pL of fresh culture medium containing 0.5 mg/mL
MTT (Kiagene, Iran) solution was added to each well,
and plates were incubated for three hours at 37°C in a
CO incubator.

After carefully removing the supernatant, the
formazan crystals were dissolved by adding 100 pL of
dimethyl sulfoxide (DMSO) (Kiagene, Iran) to each
well. After 10 minutes of incubation, the absorbance was
measured at 570 nm using an ELISA reader. The same
procedure was conducted to evaluate the effects of ZnO-
NPs on PBMCs.

For _subsequent gene expression analysis, the 1Cso
concentration of ZnO-NPs was used; with a seeding
density of 200,000 cells per well. Based on the
cytotoxicity results, a working concentration of ZnO-
NPs was selected for. subsequent experiments.
Specifically, the ICso value determined for HeLa cells (7
ug/mL) was used, as PBMCs exhibited a substantially
higher IC50 value (40 ug/mL), indicating that this
concentration can induce cytotoxic effects in HeLa cells
while having minimal impact on PBMC viability.

Co-culture of HeLa Cells with PBMCs

HeLa cells were divided into four experimental
groups: HeLa cells co-cultured with PBMCs
(HeLa/PBMC), HeLa cells treated with ZnO-NPs
(HeLa/ZnO), HeLa cells co-cultured with PBMCs and
treated with ZnO-NPs (HeLa/PBMC/ZnO), and
untreated control groups (Ctrl).

For cytokine gene expression analyses, untreated
PBMCs cultured alone and served as the Ctrl group. For
IVEGFA expression and apoptosis assays, the Ctrl
consisted of untreated HeLa cells cultured alone,
without PBMCs or ZnO-NPs.

HeLa cells were treated with ZnO-NPs in co-culture
with PBMCs and compared to the untreated control for
24 hours. Thereafter, the PBMCs were collected for
RNA extraction and gene expression analysis. For co-
culture experiments, HeLa cells were seeded in 6-well
plates at a density of 2 x 10° cells per well. Subsequently,
PBMCs were added at a density of 2 x 10° cells per well,
resulting in a HeLa-to-PBMC ratio of 1:10. The co-
cultures were then maintained under standard culture
conditions for subsequent treatments and analyses.

Total RNA Isolation and Quantitative Real-time PCR

Analysis
First of all, total RNA was extracted from both
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PBMCs and HeLa cells using the TRIzol method.
Briefly, 300 pl of chloroform (Merck, Germany) was
added to each sample containing TRIzol (Thermo Fisher
Scientific, USA), and the mixture was centrifuged at
14,000 rpm. After transferring the aqueous phase to a
new vial and adding 500 pl of isopropanol (Merck,
Germany), the samples were incubated on ice for 20 min
and centrifuged again. The isopropanol was discarded,
and 1 ml of 75% ethanol (Merck, Germany) was added
to the pellet, followed by another round of
centrifugation. Finally, the RNA pellet was air-dried and
resuspended in nuclease-free water at 55°C for 5 min.
RNA quality and concentration were evaluated using a
NanoDrop spectrophotometer, and samples were stored
at -70°C.

Subsequently, cDNA synthesis was performed using
the Easy cDNA Synthesis Kit (PARSTOUS, Mashhad,
Iran) according to the manufacturer's protocol.

To evaluate gene expression levels of [I.7B, II.2,
114, TNF, TGFB1, IFNG, and I’EGFA in PBMCs, the
quantitative PCR (qPCR) method was carried out using
qPCRBIO SyGreen® Mix (PCR Biosystems Inc.,
Pennsylvania, US). Supplementary Table 1 details the
features of the primers (Sinaclone, Tehran; Iran) used in
this study. Briefly, to perform qPCR, a reaction mixture
(20 pl) containing approximately 1 ul of cDNA template
was prepared. The temperature conditions were
optimized based on the specific annealing temperature
of each primer set. All reactions were performed by the
Rotor-Gene Q thermal cycler (Qiagen, Germany) in
duplicate. The housekeeping gene, actin beta (ACTB),
was used as @n internal control, and data were analyzed
using the 224 method.

Apoptosis

Apoptosis in. HeLa cells was evaluated using the
Annexin V-FITC/PI staining method with the FITC
Annexin V Apoptosis Detection Kit (BioLegend, USA),
following the manufacturer’s protocol. HeLa cells were
subjected to  three  experimental conditions:
HeLa/PBMC, HeLa/PBMC/ZnO, and HeLa/ZnO. The
procedure involved co-culturing HeLa cells with
PBMCs and ZnO-NPs in 6-well plates with 2 mL of
fresh cell culture medium for 24 hours at 37°C under 5%
COa..

After incubation, the supernatant was collected and
centrifuged. The pellet was resuspended in 500 pL of
buffer solution and gently pipetted. Annexin V-FITC (2
puL) was added to each sample and incubated in the dark
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for 15 minutes. Following this, 2 puL of PI reagent was
added, and cell apoptosis was analyzed using a
FACSCalibur flow cytometer (BD Biosciences, USA).
Data analysis was conducted with FlowJo software
(version 10.10, Tree Star, USA).

During analysis, cells positive for Annexin V-FITC
but negative for Pl were classified as early apoptotic
cells, while those positive for both Annexin V-FITC and
PI were identified as late apoptotic cells. Additionally,
cells negative forAnnexin V-FITC but positive for PI
were categorized as necrotic cells.

Statistical Analysis

Relative quantification was performed using the 2-
method. Statistical analyses were performed using
SPSS version 26.0 (SPSS Inc., Chicago, IL, USA), and
GraphPad Prism version 9.0 (GraphPad, La Jolla, CA,
USA) was used for presenting the results. The normality
of the data was evaluated by the Kolmogorov—Smirnov
test. For group comparisons, the two-tailed Mann—
Whitney U test was utilized. Gene expression results
were reported as mean + SD and fold change (FC). A p-
value less  than' 0.05 was considered statistically
significant.

AACt

RESULTS

Characterization of ZnO-NPs

The intensity-weighted size distribution revealed a
Z-average diameter of 181.1 nm with a polydispersity
index (PdI) of 0.404. The count rate during measurement
was 181.1 keps, ensuring reliable data acquisition. Three
size peaks were recorded; however, Peak 1 (132.7 nm)
contributed 100% intensity, suggesting a single
nanoparticle population (Figure 1). However, the
relatively elevated PdI value indicates a moderate degree
of size heterogeneity, which may be attributable to
partial particle aggregation during or after synthesis.

FE-SEM revealed nearly spherical particles with an
average diameter of 60-100 nm. Mostly, these ZnO
nanospheres were bound together to create aggregates
(Figures 2A and 2B). Furthermore, according to EDS
patterns and element weight percentages, Zn and O
elements were found to be present in a specific weight
ratio of 79.55% and 20.45%, respectively (Figure 2C).
The yellow and red dots in the EDS elemental mapping
showed that the Zn and O elements in the ZnO-NPs were
distributed rather uniformly (Figure 2D).
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Figure 1. Hydrodynamic size distribution of Zinc oxide nanoparticles (ZnO-NPs) measured by dynamic light scattering (DLS).
The intensity-weighted size distribution shows a Z-average diameter of 181.1 nm with a polydispersity index (PdI) of 0.404,
indicating a moderately heterogeneous nanoparticle population. The dominant peak corresponds to a single particle
population with an average size of 132.7 nm.
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Figure 2. Morphological and elemental characterization of Zinc oxide nanoparticles (ZnO-NPs).

(A and B) Field emission scanning electron microscopy (FE-SEM) images of ZnO-NPs at different magnifications, showing
predominantly spherical nanostructures with partial aggregation, (C) Energy-dispersive X-ray spectroscopy (EDS) spectrum
confirms the presence of zinc (Zn) and oxygen (O) with corresponding weight percentages, (D) Elemental mapping images
demonstrating the homogeneous distribution of Zn and O within the nanoparticle structure.
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Cytotoxicity Assay

Based on the results of the 24-hour MTT assay, HeLa
cells exhibit an ICso value of 7 pg/mL, reflecting a high
sensitivity to ZnO-NPs. In contrast, PBMCs display an
ICso value of 40 pg/mL, indicating significantly lower
sensitivity to these NPs (Figure 3).

The high ICso value for PBMCs suggests that their
viability remains largely unaffected even at elevated
concentrations of ZnO-NPs after 24 hours. Conversely,
the low ICso value for HeLa cells demonstrates their
pronounced sensitivity, with substantial cell death
occurring at relatively low concentrations within the
same timeframe.

Collectively, these findings indicate that ZnO-NPs
have a selective cytotoxic effect, with a significantly
higher susceptibility in cancerous HelLa cells than in
normal PBMCs.

Cytokine Analysis

The gene expression analysis revealed .that the
expression levels of II.7B, II.2, Il 4, TNF, TGEFB7, and
IFNG in PBMCs were significantly higher in the
HeLa/PBMCs and HeLLa/PBMCs/ZnO groups compared
to the Ctrl group (p<0.01): Further analysis
demonstrated that the expression levels of I1.7B, TNF,
TGFB1, and IFNG were significantly elevated in the

HeLa/PBMCs/ZnO  group  compared. to  the

HeLa/PBMCs group (p<0.01). However, no significant

IC50 24h : 7pg/mL

-
o
o

50

Cell Viability

differences were observed between these two groups in
the expression levels of I1.2 and II 4 (Figure 4).

Overall, our findings suggest that ZnO-NPs may
boost the immune response in the co-culture model,
especially by increasing the production of pro-
inflammatory (IL.7B, TNF, and IFNG) and regulatory
(TGFBT) cytokines while having no effect on I1.2 and
II 4 levels. Instead of a non-specific immune activation,
this pattern points to a targeted regulation of cytokine
signaling pathways.

Angiogenesis Analysis

Co-culture of HeLa cells with PBMCs significantly
reduced "EGIFA expression compared to the control
(»p<0.01). Further treatment with ZnO-NPs in the
HeLa/PBMC group resulted in_a marked decrease in
IVEGFEA expression (p<0.01). ZnO-NPs treatment of
HeLa cells alone (HeLa/ZnO) also showed a reduction
in. [’EGEA expression compared to the control, but the
decrease was less than in the HeLa/PBMC/ZnO group
(Figure 5).

Taken together, these results indicate that ZnO-NPs
inhibit angiogenesis-related signaling, evidenced by the
downregulation of I"EGFA expression. The grater
IVEGFEA  expression in the
HeLa/PBMC/ZnO group suggests a synergistic
interaction between PBMC-mediated immune responses
and NP treatment in reducing pro-angiogenic activity.

reduction » of

IC50 24h : 40 pg/mL

Cell Viability

TT 1
Qe = 25 50 75 100
ZnO NPs Concentration (pg/mL)

Figure 3. Cytotoxic effects of ZnO nanoparticles (ZnO-NPs) on HeLa cells and peripheral blood mononuclear cells (PBMCs)
after 24 hours of exposure. (A) Dose-response curve of HeLa cells treated with increasing concentrations of ZnO-NPs (0, 3.13,
6.25, 12.5, 25, 50, 75, and 100 pg/mL), showing an ICso value of 7 pg/mL. (B) Dose-response curve of PBMCs exposed to the
same concentration range, demonstrating lower sensitivity to ZnO-NPs with an ICso value of 40 pg/mL (Half maximal

inhibitory concentration: 1Cso).
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Figure 4. Relative mRNA expression levels of cytokines in PBMCs.

The fold change in mRNA expression of /L1B, IL2, IL4, TINF, TGF- B, IFING in PBMCs between Ctrl, HeLa/PBMCs, and
HeLa/PBMCs/ZnO groups (PBMC: peripheral blood mononuclear cells, ZnO: Zinc oxide, IL1B: interleukin 1 beta, IL2:
interleukin 2, IL4: interleukin 4, TNF: tumor necrosis factor, TGFBI1:transforming growth factor beta 1 , IFNG: and interferon

gamma, **: p<0.01).
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Figure 5. Relative mRNA expression of VEGFA in different experimental groups following zinc oxide treatment.

Comparison of mRNA expression fold change of VEGFA between Ctrl, HeLa/PBMCs, HeLa/PBMCs/ZnO, and HeLa/ZnO
groups. The reduction in VEGFA expression reflects the inhibitory effect of ZnO-NPs and immune cell co-culture on
angiogenesis-related signaling (PBMC: peripheral blood mononuclear cells, VEGFA: Vascular endothelial growth factor,

ZnO: Zinc oxide, **: p<0.01).
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Apoptosis in the co-culture of HeLa/PBMCs/ZnO was significantly
Apoptosis analysis revealed a significant increase in higher than in both the HeLa/PBMCs and HelLa/ZnO
apoptosis of HeLa cells in the HeLa/PBMCs, groups (p<0.05). However, no significant difference was
HeLa/PBMCs/ZnO, and HeLa/ZnO groups compared to observed between the HeLa/PBMCs group and the
the Ctrl group (p<0.05). Among these groups, apoptosis HeLa/ZnO group (Figure 6).
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Figure 6. Flowcytometry analysis of the impact of ZnO on apoptosis of HeLa cells

HeLa cells were co-cultures with PBMCs and the effect of ZnO on early and late apoptosis was evaluated by flow cytometry.
The percentage of apoptotic cells was significantly increased in the HeLa/PBMC/ZnO group compared with other groups.
(PBMC: peripheral blood mononuclear cells, ZnO: Zinc oxide, *: p<0.05).
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The data highlight a significant increase in apoptosis
of HeLa cells upon exposure to ZnO-NPs, with the
greatest effect observed when co-cultured with PBMCs.
This synergistic induction of apoptosis highlights the
potential application of using NPs together with immune
cells to improve anti-cancer effectiveness.

DISCUSSION

In this study, we investigated the immunomodulatory
and anti-cancer effects of ZnO-NPs in a HeLa/PBMC
co-culture model. Our results demonstrated that ZnO-
NPs significantly reduced HeLa cell viability, enhanced
their apoptosis, modulated the expression of key
inflammatory cytokines, and suppressed angiogenic
signaling. These findings highlight the importance of
immune—tumor interactions in shaping the biological
effects of ZnO-NPs.

ZnO-NPs have attracted attention as potential anti-
cancer agents due to their biocompatibility and rather
selective cytotoxicity toward rapidly proliferating
cancer cells. Their selective cytotoxicity = toward
proliferative cells, compared to -mnon-proliferative
counterparts, further enhances their potential as effective
nanocarriers in cancer therapy.!>

The use of ZnO-NPs in cancer. treatment has
captured the attention of researchers, with numerous
studies published illustrating their anti-cancer properties
against various cancer types and different cell lines
including liver cancer (HepG2),""?! lung cancer
(A549),2022-24 breast cancer (MCF-7),%?7 bone cancer
(MG-63),%® colon cancer (Caco-2, HCT-116, HT-29),%-
32 human multiple myeloma (RPMI8226),%3 myoblast
cell line (C2C12),** oral cancer (CAL27)® gastric
cancer (MGC803),*® rhabdomyosarcoma cell line,*’
laryngeal cancer (Hep-2),'® human brain tumor (U87),3®
ovarian cancer (SKOV3) ,* 4 melanoma cancer
(Cloudman),*! and gingival squamous cell carcinoma
(Ca9-22 and OECM-1).#2

Notably, several reports suggest that ZnO-NPs may
exert greater cytotoxic effects on malignant cells than on
PBMCs at comparable concentrations, indicating a
degree of tumor selectivity.*?

Consistent with our findings, several studies have
reported the cytotoxic effects of ZnO-NPs, either alone
or in combination with other nanomaterials, on HelLa
cells.*“¢ However, studies investigating ZnO-NP-
induced cytotoxicity in co-culture systems with PBMCs

are still limited. Therefore, our co-culture model offers
additional insight into how immune cells could
influence ZnO-NP-induced cytotoxic responses in
cervical cancer cells.

The morphology and elemental composition of the
synthesized ZnO-NPs were  in  accordance  with
previously documented findings.*’** The consistent
physical and chemical characteristics of nanoparticles
influence cellular interactions and biological responses,
consequently supporting the idea that the observed
effects are related to exposure to ZnO-NPs rather than
experimental variations.

Gene expression analysis revealed a significant
upregulation of pro-inflammatory cytokines (including
1L.7B, INF, IFNG), and TGFB7 as a pleiotropic
cytokine in the HeLa/PBMCs/ZnO.group, compared to
the HeLa/PBMCs group, indicating strong activation of
innate and adaptive immune pathways. This cytokine
profile suggests that ZnO-NPs can potentiate immune-
mediated anti-tumor responses within the co-culture
environment. The presence of PBMCs in the co-culture
system likely contributes to this response by enabling
immune—tumor cross-talk that amplifies cytokine
signaling. It should be noted that these findings are
based on mRNA expression levels, and changes in gene
expression may not necessarily translate directly into
protein secretion or functional immune responses.

The impact of ZnO-NPs on cytokine production has
only been assessed in a limited number of studies, and
the majority of these have been performed in
immortalized and nonhematological cell lines, which
frequently exhibit changes in signal transduction
pathways that result in unpredictable changes in protein
expression.®
nanomaterials may increase the production of cytokines
in PBMCs; however, it depends on a number of
variables, including the material's composition, size, and
delivery method.>*-2 In both in vitro and in vivo models,
ZnO-NPs exposure has been associated with increased
production of pro-inflammatory cytokines such as TINF

and [FNG, supporting their capacity to trigger immune
49,53,54

Research has shown that some

activation under specific conditions.

We found that ZnO-NPs induces the production of
pro-inflammatory cytokines at even very low
concentrations, which were below those concentrations
that caused cell death. This finding suggests that, if ZnO
is utilized at proper concentrations, it could accelerate
tumor cell killing by producing TNF, a cytokine known
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for its potent anti-tumor properties.> For example, a
previous study showed that factors such as higher age
and exposure to ZnO-NPs may play role in serum level
of inflammatory variables. For example, following
exposure with ZnO-NPs, blood levels of interleukin 1
(IL-1) and interleukin 6 (IL-6) were markedly elevated
in both adult and elderly groups when compared to the
corresponding control groups of the same age.>® Another
investigation revealed that ZnO-NPs significantly
increased IFNG and TINF levels in a dose-dependent
pattern. On the other hand, ZnO-NPs alone did not
stimulate interleukin 12 (IL12) synthesis in unprimed
cells; however, pretreatment with low concentrations of
interferon gamma (IFN-y) resulted in a concentration-
dependent increase in IL-12. These results suggest a
synergistic interaction between ZnO-NPs and IFN-y,
underscoring the potential of ZnO-NPs in initiating a
critical inflammatory response.>!

The elevated production of [I.7B, IFNG, TNF, and
I1.2 identified in the present study in accordance with
previous findings suggest that ZnO-NPs might augment
Thl-associated immune responses, which are essential
for effective cell-mediated antitumor immunity.. The
simultaneous upregulation of TGEB7.  and  pro-
inflammatory cytokines may indicate its context-
dependent immunoregulatory function within TME,
where TGFB7 signaling can dynamically influence
immune activation, cellular interactions, and tissue
remodeling, rather/ than just acting as an
immunosuppressive pathway, especially in immune-
infiltrated environments.*”-*8

In contrast, transcriptomics-based analysis of the
toxicity of ZnO-NPs on chronic myeloid leukemia cells
revealed that the treated cells produced less cytokines.
This was shown by the downregulation of 41 genes in
the treated cells, in addition to 17 genes encoding
cytokines or cytokine receptors.*® It has been shown that
TGFB1 synthesis in different cell types is influenced by
ZnO-NPs. For example, exposure to ZnO-NPs
decreased TGFBT expression at the mRNA and protein
levels in murine photoreceptor-derived cells (661W) in
a concentration-dependent manner.”® Moreover, an
increased level of II.2, 114, IL6, and interleukin 17
(IL17) in splenocytes administered with ZnO-NPs was
observed in comparison with the control.®® However, the
ZnO-NP-associated increase in I[4 and TGFB7
observed in the present HeLa/PBMC co-culture model
appears to be less explored in cancer models, so the
effects of ZnO-NPs on other cytokines and in co-culture
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systems with HeLa cells require further investigation for
definitive conclusions.*!

Overall, theseresults indicate that ZnO-
NPs can change cytokine responses differently based on
the experimental model and cellular environment, with
co-culture systems offering a more physiologically
reliable representation of immune—tumor interactions.
Nonetheless, the current study had specific limitations
that must be acknowledged when interpreting the
findings. The Jlimited number of donors and
experimental replicates, a common limitation in
exploratory in vitro co-culture experiments, indicates
that the-results should be-considered preliminary.
Subsequent research using larger sample sizes and
supplementary validation methods is  necessary to
confirm these findings.

Furthermore, this study highlighted a synergistic
effect of ZnO-NPs in promoting cancer cell apoptosis
following HeL.a/PBMC co-culture, with the highest rates
in. the HeLa/PBMCs/ZnO group. In vitro co-culture
models, involving tumor cells and PBMCs, are valuable
for studying the interactions between immune and
cancer cells. However, specific studies examining the
effects of ZnO-NPs in co-culture systems of PBMCs
with Hela or other tumor cells are limited. The
immunological including
interactions with PBMCs, may have an impact on the
oxidative stress and apoptotic pathways triggered by
ZnO-NPs, according to the data currently available.
ZnO-NPs cause mitochondrial depolarization and
reactive oxygen species (ROS) production in HeLa cells,
which can promote their apoptosis. PBMCs may
influence this reaction in co-culture and affect the degree
or mode of apoptosis.t2-%

ZnO-NPs have been shown to induce cytotoxicity
through the production of ROS, via pathways involving
p53, leading to apoptosis in cancer cells.®> Plant-based
ZnO-NPs also demonstrated selective cytotoxicity
against HeLa cells, significantly reducing cell viability.®
Earlier studies also reported that nanostructure treatment
at concentrations exceeding 15.6 pg/mL exerts
synergistic cytotoxic effects on HeLa cells, primarily
through apoptosis induction, proliferation reduction, and
promotion of cell death in a concentration-dependent
manner.% Increased apoptosis in HepG2 cells has been
observed following nanoparticle treatment, consistent
with earlier reports demonstrating that green-
synthesized ZnO-NPs can effectively induce apoptosis
in HeLa cells.®® Biosynthesized silver nanoparticles

microenvironment,
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have also been shown to enhance apoptotic pathways in
the MCF-7 breast cancer cell line.® Moreover, iron
oxide nanoparticles have been reported to induce cell
cycle arrest and apoptosis in Jurkat, MCF-7, and HepG2
cells.”® Similarly, ZnO-NPs result in cell death by
induction of apoptosis in HepG2 and MCF-7 cancer
cells.!”

Further studies showed that ZnO-NPs, including
chitosan-coated forms, significantly increase apoptosis
in cervical cancer cells. This is associated with elevated
ROS production and decreased antioxidant activity,
potentially due to excess dissolved zinc ions, which
triggers apoptosis. Key apoptotic proteins such as p53,
Bax, caspase-3, caspase-9, and cytochrome-c are
involved, while anti-apoptotic proteins like Bcl-2 are
downregulated.”"”

In this study, flow cytometry analysis demonstrated
significant increases in early and late apoptotic HeLa
cells after incubation with ZnO-NPs, accompanied by
upregulation of mRNA levels of apoptotic markers.
Additionally, ZnO-NPs can induce apoptosis through
mitochondrial pathways and DNA damage.”%"*

Based on the outcomes of angiogenesis analysis, the
expression levels of I'EGEA, a key mediator of tumor
vascularization, were significantly reduced. in the
HeLa/PBMCs/ZnO group compared to other groups.
This underscores the potential of ZnO-NPs to inhibit
angiogenic signaling, which is crucial for tumor growth
and metastasis. In line with our findings, previous
studies have demonstrated that ZnO-NPs can modulate
tumor  angiogenesis pathways under various
experimental conditions, further supporting their anti-
angiogenic and . anti-cancer properties.”>’® Anti-
angiogenic effects of ZnO-NPs have also been reported
in other tumor models; however, the observed outcomes
appear to be  highly " dependent on experimental
conditions and nanoparticle concentration.”’

Overall, the present study provides observational
evidence that ZnO-NPs may influence immune-related
and  angiogenesis-associated  responses in a
HeLa/PBMC co-culture setting. In this context, the use
of a co-culture model offers a more physiologically
relevant context than monoculture systems.

This study highlights the potential of ZnO-NPs as a
multi-functional therapeutic agent for the treatment of
cancer, namely in the HeLa/PBMC co-culture model.
ZnO-NPs demonstrated notable apoptotic induction,
suppression of angiogenic markers, and modulation of
cytokines levels, all of which can contribute in anti-

tumor effects. These findings underscore the dual
capacity of ZnO-NPs to target cancer cells while
enhancing immune responses. Therefore, more
mechanistic investigations and preclinical assessments
are required to enhance their clinical application and
validate their safety profile.
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