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Abstract

Background: Ovarian cancer leads to devastating outcomes, and its treatment is highly
challenging. At present, there is a lack of clinical symptoms and well-known sensitivity
biomarkers, and patients are diagnosed at an advanced stage. Currently, available therapeutics
against ovarian cancer are inefficient, costly, and associated with side effects. The present study
evaluated the anticancer potential of zinc oxide nanoparticles (ZnO NPs) that were biosynthesized
successfully in an ecofriendly mode using pumpkin seed extracts. Methods and Results: The
anticancer potential of the biosynthesized ZnO NPs was assessed using an in vitro human ovarian
teratocarcinoma cell line (PA-1) by well-known assays such as MTT assay, morphological
alterations, activation of apoptosis, measurement of reactive oxygen species (ROS) production,
and inhibition of cell adhesion/migration. The biogenic ZnO NPs exerted a high level of
cytotoxicity against PA-1 cells. Furthermore, the ZnO NPs inhibited cellular adhesion and
migration but induced ROS production and cell death through programmed cell death.
Conclusions: The aforementioned anticancer properties highlight the therapeutic utility of ZnO
NPs in ovarian cancer treatment. However, further research is recommended to envisage their

mechanism of action in different cancer models and validation in a suitable in vivo model.
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1. Introduction

Despite notable advancements in cancer-related research during the past few decades, cancer
remains the major contributor to global mortality and imposes a substantial financial burden on
the patient [1, 2]. Among the different cancer types, ovarian cancer (OC) is one of the fatal
malignancies in women, with a reported frequency of approximately 15 per 100,000 cases, ranking
third in incidence and first in mortality among all gynecological malignancies [3, 4]. These cancers
always lead to devastating outcomes in women, and their treatment is highly challenging [5-7].
Because of the lack of clinical symptoms and well-known sensitivity biomarkers, patients with OC
are often diagnosed at an advanced stage, which significantly worsens the clinical outcome and
considerably limits therapeutic options [8]. OC is detected in more than 75% of women at stage
I11 or IV, with 5- and 10-year survival rates of 5% and 21%, respectively [9]. These data indicate
the limited efficacy of existing drugs and highlight the need for novel therapeutic strategies to
combat or manage OC. Furthermore, the non-selectivity of the drug and the inability to release the
drug at the target tumor site are the primary therapeutic obstacles [10].

Despite the overall favorable response to surgical excision and intravenous chemotherapy with
platinum/taxanes, the treatment is still difficult in advanced stages [11, 12]. Although many
cytotoxic and synthetic medications have been tried as first-line therapies, they haven't
demonstrated any appreciable survival improvements [13]. They are linked to negative side
effects, recurrence risk, and treatment resistance. For better survival, it is critically necessary to
develop new treatments for ovarian cancer, and it is crucial to conduct research to identify effective
therapeutic options and novel administration routes.

Multifunctional nanoparticles have great potential for use in cancer treatment and can overcome
the limitations of conventional therapy [14]. Nanoparticles (NPs) have great therapeutic potential
owing to their high surface area-to-volume ratio, considerably smaller size, ability to permit tumor
cells to bind with many functional groups, and potential to accumulate at tumor sites [15, 16].
Recently, plant products have been exploited for the synthesis of NPs because of their eco-friendly
and cost-effective nature [17, 18]. Metal oxide NPs are an appealing alternative for synthesizing a
robust drug-delivery platform because they can be functionalized with various chemical groups,
which allows them to bind to multiple therapeutic ligands [19-21].

Zinc oxide, one such metal oxide, has shown potency as an antibacterial agent, with a higher
potency being observed in its nanoform [22]. Zinc oxide NPs (ZnO NPs) have attracted attention
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and are widely used in various applications, including textiles, cosmetics, diagnostics, and micro-
electronics [23]. Their clinical significance is attributed to their strong potential and decisiveness
when compared with other metal oxide NPs prepared through the green synthesis method [24].
The wide band gaps, high excitation binding energy, exceptional photosensitivity, and stability of
the ZnO NPs have garnered the attention of scientists working in this field of research globally.
Compared with physical and chemical processes, green-synthesized ZnO NPs have various
advantages, namely, low cost, eco-friendly nature, biosafety, non-toxicity, and biocompatibility,
and have therefore been widely used in various biomedical applications [25, 26]. In our previous
study, we reported the biogenic synthesis and characterization of ZnO NPs [22]. The present study
aimed to evaluate the anticancer potential of the ZnO NPs biosynthesized from pumpkin seed
extracts in an OC model. The present work is an extension of our previous study, and we focus on
determining the best responsive cancer model so that our novel nanoformulation could be validated
in a suitable in vivo system and further applied in the clinical setting.

2. Materials and methods
The chemicals used in all the experiments were bought commercially from Merck and Sigma,
which are as follows: Trypsin-EDTA, streptomycin, penicillin, phosphate-buffered saline (PBS),
3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2'7'-dichlorofluorescein
diacetate (DCFH-DA), acridine orange (AQ), and ethidium bromide (EtBr). All other chemicals
were of analytical grade and were purchased locally.

2.1. Synthesis and characterization of ZnO NPs
The production of ZnO NPs was confirmed using ultraviolet-visible (UV-Vis) spectroscopy; a
peak at 272 nm indicated the biosynthesis of ZnO NPs. Several spectral techniques such as Fourier
transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), and energy-dispersive X-ray spectroscopy
were also used for further characterization of the ZnO NPs.

2.2. Cell culture maintenance
The National Centre for Cell Science in Pune, India, provided the ovarian teratocarcinoma cell line
(PA-1). The cell line was cultured in high-glucose Dulbecco's Modified Eagle Medium (DMEM),
which was supplemented with 10% fetal bovine serum (Gibco, USA), penicillin (100 U/mL), and
streptomycin (100 pg/mL) in a humid atmosphere. The growth conditions were 37 °C and 5%
Co2.



2.3. Cytotoxicity (MTT) assay
MTT test was used to measure the cytotoxicity of ZnO NPs on PA-1 cells after they were exposed
to various concentrations (2.5-17.5 pg/mL). After incubation, 10 pL of MTT was added to each
well, and the plate was then incubated for 2 hours at 37 °C. After mixing in 100 pL of dimethyl
sulfoxide to dissolve the purple precipitate containing formazan, the absorbance at 540 nm was
measured using a multi-well plate reader.
To determine the cytotoxicity of ZnO NPs, the percentage of viable cells was counted and
compared with the control cells, according to the following formula:
Inhibitory of cell proliferation (%)
= (mean absorbance of the control — mean absorbance of the sample)/(mean absorbance of the
control) x 100

The 50% inhibitory concentration (ICso) was determined using ZnO NPs dose-responsive curve.

2.4. Measurement of apoptosis activation
Fluorescence microscopic assessment of programmed cell death was performed according to the
method described in Tabrez et al. [27]. Each well of a 6-well plate was seeded with 5x10* PA-1
cells, which were then exposed to various concentrations of ZnO NPs (7.5, 10, and 12.5 pg/mL)
for 24 hours. The cells were then washed with cold PBS and stained for 5 min with AO/EtBr (1:1
ratio; 100 pg/mL), before being examined under a fluorescence microscope (40x magnification).
The proportion of cells undergoing apoptosis was calculated over the total number of cells. A graph
was plotted with the concentration of ZnO NPs on the X-axis and the percentage of apoptotic cells
on the Y-axis.

2.5. Measurement of reactive oxygen species
Reactive oxygen species (ROS) were measured using a dichloro-dihydro-fluorescein diacetate
(DCFH-DA) fluorogenic probe as earlier reported [21]. The treated cells were first washed with
PBS and then allowed to react with 25 uM of DCFH-DA for 30 min at 37 °C. Finally, DMEM was
used to wash the cells, and their fluorescence was recorded using a spectrofluorometer (excitation
wavelength: 485 nm, emission wavelength: 535 nm; Shimadzu, Columbia, USA) every 5 min for
up to 30 min. The mean slope per minute, normalized to the exposed control cells, was used to

calculate the increase in ROS production.



2.6. Cell adhesion assay
Cells were first cultured in 6-well plates and then divided at 0, 15, 30, 45, and 60 min. The cells
were washed with PBS to remove cells that were weakly adhered or completely unattached. Crystal
violet dye was added to 5% paraformaldehyde to fix the seeded cells, and the mixture was then let
to sit for 15 minutes to allow the dye to bind to the proteins of the cells. After 15 min of incubation,
the extra dye was removed by washing the cells with PBS. The amount of crystal violet that was
de-stained from the protein was inversely correlated with the number of cells in the well.

2.7. In vitro scratch assay
A sterile 200-pL micropipette tip was used to scratch (by drawing a straight line) the adherent
cells. Subsequently, the cells were exposed to various concentrations of ZnO NPs (7.5, 10, and
12.5 pg/mL). After two washes with PBS, the cells were incubated for 24 h at 37 °C and 5% CO..
Wound width was measured at four new specific areas after 0 and 24 h. At reference areas, the
distance between the two edges of the wound was calculated and statistically examined.

2.8. Statistical analysis
The quantitative estimation data are expressed as mean + SD with at least two independent
experiments performed in triplicate and analyzed by one-way ANOVA using Graph Pad Prism
software version 5 (San Diego, CA). P < 0.05 was considered statistically significant.

3. Results

3.1. Synthesis and characterization of ZnO NPs
The reduction of Zn?* to ZnO resulted in a color shift from light yellow to cream, confirming the
formation of ZnO NPs, with a characteristic stable UV-vis spectral peak at 272 nm. Various
spectral techniques, namely, FTIR, XRD, SEM, and TEM analyses, were used for the
characterization of ZnO NPs. As reported earlier, ZnO NPs showed a strong FTIR stretching
vibration frequency at around 671-482 cm™* and a peak in the range of 500-4000 cm ™. XRD
analysis of ZnO NPs revealed 26 intensity peaks at 31.72°, 34.32°, 36.16°, 47.35°, 56.38°, 62.87°,
and 67.91°, with Miller indices similar to the results of Wurtzite structure. Moreover, TEM data
indicated the spherical and hexagonal shapes of ZnO NPs with a ~50 nm size.

3.2.Cytotoxicity assay (MTT) and morphological changes
When compared to untreated control cells, we observed a dose-dependent decrease in the viability
of PA-1 cells with an increasing concentration of ZnO NPs (Figure 1). Our data suggest a linear
decline in cell viability (increased cytotoxicity) with ZnO NP concentrations ranging from 2.5

pg/mL to 17.5 pg/mL. After 24 hours of treatment with ZnO NPs, cell viability began to decline
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at the lowest tested concentration (2.5 pg/mL) and decreased up to 18.8% at the highest tested
concentration (17.5 pg/mL). When we draw the dose-response curve, the biosynthesized ZnO NPs
were found to have an ICso concentration of 10 pg/mL Based on the 1Cso value, we selected three
different concentrations (7.5, 10, and 12.5 pg/mL) of ZnO NPs for the subsequent experiments.
As for morphological changes in PA-1 cells in response to different concentrations of ZnO NPs
after 24 h of treatment, the cells showed shrinkage, detachment, membrane blebbing, and distorted
shape (Figure 2). However, the cell morphology of the untreated cells was normal and intact (10x
magnification). Moreover, maximum alteration in the morphological characteristics of PA-1 cells
was observed at the highest concentration of ZnO NPs.

3.3. ZnO NPs induced apoptosis in PA-1 cells
The AO/EtBr fluorescence pattern of PA-1 cells treated with ZnO NPs revealed the presence of
apoptotic cells at both early and late stages of cell death (Figure 3), implying apoptosis induction
by ZnO NPs. Most of the untreated/control cells had intact and normal nuclear membrane.
However, the number of early-stage apoptotic cells with nuclear fragmentation significantly
enhanced as the concentration of ZnO NPs increased from 7.5 to 12.5 pg/mL. Furthermore, the
increase in nuclear fragmentation could be a sign of cells reaching the advanced stage of apoptosis
(Figure 3). We also quantified the percentage of apoptotic cells in each group and found that the
highest percentage of apoptosis (80.9%) was obtained with the highest concentration of ZnO NPs
(Figure 4).

3.4. ZnO NPs induced intracellular ROS generation in PA-1 cells
Treatment with ZnO NPs resulted in high levels of ROS in PA-1 cells. As shown in Figure 5,
treatment with different concentrations of ZnO NPs (7.5, 10, and 12.5 pg/mL) produced high levels
of ROS when compared with those in untreated control cells. Our data suggested a dose-dependent
increase in -intracellular ROS production, which subsequently induced oxidative stress and
enhanced DCFH fluorescence intensity in the treated PA-1 cells. Untreated control cells showed a
dull green fluorescence, whereas ZnO NP-treated cells showed a strong DCF-stained green
fluorescence (Figure 5). To quantify the relative fluorescence intensity, the cells were lysed after
capturing images and normalizing with protein concentrations. The fluorescence intensity for ROS
production showed an increasing trend with an increasing concentration of ZnO NPs (Figure 6).

3.5. Effect of ZnO NP treatment on cell adhesion in PA-1 cells
Treatment with ZnO NPs suppressed cell growth and adherence of PA-1 cells when compared
with those of untreated control cells (Figure 7).



3.6. Effect of ZnO NP treatment on cellular migration in PA-1 cells
Treatment with different concentrations of ZnO NPs (7.5, 10, and 12.5 pg/mL) delayed the
complete closure of the scratched area after 24 h, leading to decreased motility and migration of
cancer cells (Figure 8). This test demonstrated that ZnO NPs have a beneficial inhibitory effect on
cell migration. By comparing the leftover scar areas after 24 hours and edge progression to the
starting gap area, the relative inhibition was measured. After 24 h of incubation, untreated control
cells showed initiation of wound healing and migrated completely. However, the least cell
movement and non-closure of the gap were observed at the highest tested concentration (12.5
pg/mL) of ZnO NPs (Figure 8).
4. Discussion

Recently, plant molecules and plant-based nanotherapeutics have been recognized as potential tool
in cancer treatment and management [28-31]. The eco-friendly nature and biocompatibility of ZnO
NPs, synthesized using various biological sources, have shown anticancer potential in different
cancer models [22, 32-34]. Owing to the multifunctional properties of ZnO NPs, we conducted the
present study as an extension of our previous study to determine the best responsive cancer model.
This approach will aid in assessing the potential of our biogenic formulation so that the data can
be validated in a suitable in vivo system and further applied in the clinical setting. The detailed
procedure of the synthesis and characterization of ZnO NPs has been reported in our previous
study [22]. Compared with other NPs, ZnO NPs hold several therapeutic advantages, including
high bioavailability and solubility [35]. Additionally, they are more biocompatible than metal
oxide NPs, can be easily synthesized, and have high selectivity [22, 36]. Interestingly, ZnO NPs
are often more cytotoxic than other metal oxide NPs in various cancer types [37, 38]. Thatoi et al.
reported a higher anti-inflammatory effect of ZnO NPs than that of AgNPs [39]. ZnO NPs have
shown better anticancer activity at a comparatively lower concentration in various cancer cell lines.
An ICsp dose of 10 pg/mL for ZnO NPs against PA-1 cells was the lowest concentration applied
in the present study when compared with the dose of other metal oxide NPs such as MgO NPs
(12.5 pg/mL against PA-1 cancer cells) and CuO NPs (20 pg/mL and 25 pg/mL against MDA-
MB-231 and HCT-116 cells, respectively) [20, 21, 27].

Cytotoxicity potential is an essential aspect of an anticancer therapeutic candidate [40, 41]. The
current study evaluated the cytotoxicity potential of ZnO NPs using the MTT assay and observed
a significantly higher cytotoxic effect of the NPs in PA-1 cells that were treated with an increasing

concentration of ZnO NPs than that in the untreated control cells (Figure 1). Our results agree with
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those of several published reports that assessed the cytotoxic potential of ZnO NPs in various
cancer cell lines [32-34]. However, our biogenic nanoformulation showed a comparatively lower
ICso dose (10 pg/mL) against PA-1 cells. The release of zinc into the cell culture medium with the
aid of COz in the cell culture atmosphere is suggested as one reason for the observed cytotoxicity
of ZnO NPs [42]. Moreover, the high solubility and oxidative stress-promoting ability of ZnO
could have facilitated the cytotoxic effects [43]. ZnO NPs breakdown, which leads in the formation
of Zn?* ions, is what makes them toxic [43, 44]. Excess Zn?* in the medium can alter the ionic
equilibrium in the cells, resulting in the inhibition of ion transport and disturbance of amino acid
metabolism [45].

The structural morphology of the treated cells as a monolayer showed shrinkage, detachment,
membrane blebbing, and distorted shape induced by ZnO NPs at different concentrations (Figure
2). However, untreated control cells showed normal intact morphology. Exposure to green-
synthesized ZnO NPs potentially promotes alterations in cellular morphology [22, 46, 47]. Cheng
et al. evaluated the microscopic structural changes in MG-63 osteosarcoma cells after treatment
with green-synthesized ZnO NPs [47]. In another study, typical morphological alteration in human
breast cancer cells (MCF-7) was observed after exposure of the cells to ZnO NPs [46].

Effective destruction of cancer cells through induced apoptosis has been a hallmark and goal of
clinical cancer therapy [48]. In the current study, we performed dual staining with AO and EtBr
and used this method as a reliable tool to ascertain programmed cell death; the results showed
hallmarks of apoptotic cells, including cell shrinkage, chromatin cleavage, nuclear condensation,
nuclear disintegration, and the appearance of pyknotic structures, among others [49].

In the present study, PA-1 cells treated with ZnO NPs displayed early and late apoptosis. Nuclear
material fragmentation, a morphological alteration of the treated cells, suggests possible induction
of apoptosis [50]. Moreover, the presence of apoptotic cells further validated the cytotoxic
potential of ZnO NPs in PA-1 cells. Recently, Boskabadi et al. reported that green-synthesized
ZnO NPs were a natural apoptosis inducer [51]. ZnO NPs can also induce programmed cell death
through different mechanisms [52, 53].

ROS is considered as a potent and promising target for the treatment of cancer and a significant
contributing component to the induction of apoptosis through the intrinsic or extrinsic pathway
[54]. Earlier studies reported the association of ROS with apoptosis induction and survivability of
cancer cells [55, 56]. In the present study, cells treated with ZnO NPs exhibited a significant dose-

dependent increase in the intracellular production of free radicals. Several research findings concur
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with ours, which states that one of the primary cytotoxicity pathways of green-synthesized ZnO
NPs is an increase in ROS generation [23, 34, 57]. These results also suggest the potential of ZnO
NPs to induce ROS production, which is otherwise reported as a second messenger for the
induction of apoptosis and the associated cellular signaling pathways [58].

Cell adhesion is a critical process in several biological phenomena, such as cell development,
tissue structure maintenance, angiogenesis, and tumor metastasis. When unattached, cancer cells
cannot proliferate and undergo programmed cell death [59] . As cancer cell adhesion and migration
are critical processes in metastasis, restricting these processes could be a therapeutic approach to
prevent tumor development and metastasis [60, 61]. In the present study, we observed a gradual
decrease in the adhesive PA-1 cell count with an increasing concentration of ZnO NPs (Figure 7).
ZnO NP treatment caused a decline in the ability of PA-1 cancer cells to form colonies and attach
to the substrate when compared with untreated control cells. All these results suggest the possible
role of ZnO NPs in disrupting cellular interactions with the extracellular matrix and blockage of
the tumor cell adhesion process. Cell migration and invasion are notable traits of cancer
progression to metastasis. To evaluate the anti-migration ability of ZnO NPs, we performed the
scratch wound assay, which measures cell migration ability in two dimensions and examines the
anti-migration capacity of anticancer drugs without causing cell death [62]. This assay showed a
generally positive trend in the inhibitory ability of ZnO NPs (Figure 8), which was consistent with
the anti-migration ability of biogenic AgNPs and AuNPs in HCT-116 and MCF-7 cell lines [30,
63].

5. Conclusion:
The particular cell line-based study and our inability to make a quantitative estimation for some of
the experiments are the limitations of this study. However, biogenic ZnO NPs seems to be a
promising nanoformulation owing to their applicability in various biomedical applications. In the
ovarian teratocarcinoma cell line (PA-1), the biosynthesized ZnO NPs demonstrated considerable
cytotoxicity, apoptotic induction, enhanced ROS production, and inhibition of cell migration in
PA-1 cells, which highlight their anticancer potential. However, more research in different in vitro
models is recommended to determine the best responsive cancer type and further validate observed
data in a suitable in vivo model before its application in the clinical setting.
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Figure legends:

Figure 1: Dose-dependent increase in cytotoxicity of ZnO NPs in PA-1 cell lines. The data are
presented as a percentage of viable cells compared to the untreated control. Values are expressed
as mean = SD (n = 6) and analyzed by one-way ANOVA. *** P <(0.0001.

Figure 2: Morphological changes in PA-1 cells treated with different concentrations of ZnO NPs
(7.5, 10, and 12.5 pg/mL) for 24 hours.

Figure 3: AO/EtBr fluorescence pattern photographs of PA-1 cells treated with increasing
concentrations of ZnO NPs (7.5, 10, and 12.5 pg/mL). Live (acridine stained), dead (EtBr stained),
and early apoptotic (yellow stained) cells showed green, red, and yellow colors, respectively.

Scale bar indicates 50 pum

Figure 4: Quantification percentage of ZnO NPs treated PA-1 apoptotic cells. Values are
expressed as mean+SD (n=6) and analyzed by one-way ANOVA. ** P<0.001;
**x P <0.0001.

Figure 5: Fluorescence microscope images of ZnO NPs induced ROS production in PA-1 cells.

Figure 6: Quantitative fluorescence intensity showing induction in ROS production in response
to different concentrations of ZnO NPs. Values are expressed as mean = SD (n= 6) and analyzed
by one-way ANOVA. *** P <0.0001.

Figure 7: Photomicrographs of cell adhesion after the treatment with ZnO NPs (7.5, 10, and 12.5
ug/mL) in PA-1 cells.

Figure 8: Microscopic images of in-vitro wound scratch healing process in PA-1 cells after the

treatment with different concentrations of ZnO NPs.
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