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Abstract
Background: Prostate cancer (PCa) remains one of the clinically relevant pathologies that needs

pragmatic and effective treatment approaches with limited side effects. The current study aimed
to evaluate the anticancer potential of epigallocatechin gallate (EGCG) and EGCG-loaded
nanoparticles (EGCG NP) for the treatment of prostate cancer in in-vitro 3D spheroid model.
Methods: The EGCG NPs was synthesized by using polymeric method as reported in our previous
study. A 3D spheroid assay was conducted using human prostate specific cell lines (PC3 and
22Rvl) cultured on poly-HEMA-covered plates at different time points. Once formed, the
spheroids were treated with either EGCG alone or with EGCG NPs continuouslyfor 6 days.
Simultaneously, specific controls were also taken for comparison purpose. CellROX dye was used
to quantitate the formation of reactive oxygen species (ROS) in response to EGCG and EGCG
NPs to 22Rv1 and PC3, 3D spheroids. The treated spheroids were also evaluated to measure
modulation in mitochondrial membrane potential and the quantification of apoptotic and live cells
using a flow cytometer. Results: The spheroid sizes of both studied cell lines were found to be
significantly (p<0.05) reduced after the treatment with EGCG and its nanoformulation. The
significant increase in ROS formation was observed in PC3 cells in response to EGCG and EGCG-
NPs treatment. However, no significant change in ROS formation was observed in 22Rv1 cells.
Similarly, both compounds (EGCG and EGCG NPs) did not show any significant changes in
mitochondrial membrane potential in 22Rv1 and PC3 spheroids. Interestingly, EGCG treatment
showed a significant change between live and apoptotic cells in both 22Rv1 and PC3 spheroids
but its nanoformulation didn’t show significant change in the number of apoptotic and live cells.
Our study observed a significant anticancer potential of EGCG and EGCG NPs at clinically
relevant doses highlighting the possible advantage of 3D spheroid model specifically in our studied
cancer cells. However, further preclinical in vivo studies are recommended in a suitable model to
decipher our in vitro data and exploit EGCG and EGCG NPs against prostate cancer.

Conclusion: Our results indicate the anticancer efficacy of EGCG and EGCG NPs in 3D spheroids

of PCa cell lines.

Keywords: 3D spheroids, anticancer, epigallocatechin gallate, nanoparticles, polyphenols,
prostate cancer




Introduction

Prostate cancer (PCa) is one of the clinically relevant pathologies, has progressively increased its
global prevalence over the past decade (Li et al., 2022). It is the most often diagnosed male cancer
and the leading cause of cancer-associated mortality in males around the globe (Sung et al., 2021).
In 2021, it was estimated that 26% of newly found non-cutaneous cancer will be because of
prostate cancer resulting in total 11% cancer-related deaths in the USA (Picot et al., 2022). Over
the past few years, the incidence of metastatic PCa has increased in all races and age groups,
ultimately affecting the survival rate (Sayegh et al., 2022). The existing curative and noncurative
therapeutic ola'ons of PCa, such as surgery, radiation therapy, hormonal therapy, and
chemotherapy are overburdened by various side effects, that include limited clinical efficacy, high
cost, and low patient acceptance (Li et al., 2022). In addition, the chemotherapeutic option against
PCa is limited due to poor solubility, toxicity, lack of target specificity, nonspecific cell damage
and drug resistance (El-Didamony et al., 2022). Despite of the intriguing therapeutic options, the
search for pragmatic and more effective treatments modalities that could mitigate above-
mentioned undesirable effects are need of the hour.

The surge of naturally derived chemotherapeutic agents provide hopes for effective chemotherapy
against PCa (El-Didamony et al., 2022). The phytochemicals have been explored as the
cornerstone of highly efficient, well-tolerated, safe, and economical approaches in multifaceted
PCa prevention and management (Mazurakovaetal., 2022). Based on our earlier research, we also
proposed some bioactive molecules and their nanoformulations as potential anticancer agents
(Jabir et al., 2012, Tabrez et al., 2013, Jabir et al., 2018, Oves et al., 2018).

Epigallocatechin gallate (EGCG), the primary flavonoid in green tea, has shown significant
efficacy in the treatment of cancer due to its considerable therapeutic properties, such as safety,
affordability, and bioavailability (Jabir et al., 2018). Several studies suggested that EGCG may
inhibit carcinogenesis via anti-matrix metalloproteinase and anti-angiogenesis activities, blocking
key signal transduction pathways and activating redox-sensitive transcription factors (Liu et al.,
2019, Ferrari et al., 2022). The EGCG mediated therapeutic approach needs further improvements
in terms of stability, specificity, low absorption, bioavailability, and safety (Dai et al., 2020). In
this context, nanotechnology-based approaches have shown significant improvement in anti-
cancer potential of EGCG against various cancers (Ahmad et al., 2019, Alserihi et al., 2022).

Polymeric nanoparticle is one of the most effective ways to circumvent the delivery and protect




the molecules against undesirable circumstances (Ahmad et al., 2020, Ahmad et al., 2021).
Recently, we reported the enhanced antitumor efficacy of EGCG loaded folate receptor-targeted
nanoparticles to PCa cells (Alserihi et al., 2022). The current study aimed to assess the therapeutic
potential EGCG and EGCG-NPs against PCa cancer cell lines using 3D spheroid model. The
purpose of choosing 3D cell culture was to mimic the in vivo environment so that we can achieve
a robust and more reliable data (Choi et al., 2021).

Materials and methods

Synthesis and characterization of EGCG-NPs

The polymeric synthesis and characterization of EGCG-NPs using a modified polymeric
nanoprecipitation method was desgribed earlier in detail (Alserihi et al., 2022). After dilution of
samples with Milli-Q water, NPs' mean diameter and polydispersity index (PDI) were evaluated
using photon correlation spectroscopy (Zetasizer Nano ZS, Malvern Instruments, UK) at 25°C and
at a scattering angle of 90°. The drug loading content, encapsulation efficiency, and production
yields were also evaluated as described (Alserihi et al., 2022).

Culture of cells

22Rv1 and PC3, prostate tumorigenic cell lines were procured from ATCC (Manassas, VA, USA).
Both cell lines were cultivated in an appropriate culture 3 edium [RPMI-1640 (Gibco,
ThermoFisher, USA) and DMEM-high glucose], which included 10% fetal bovine serum and 1%
penicillin.

3D spheroid assay :

For the induction of 3D spheroid, we grew both cancer cell lines on poly-HEM A-coated plates for
different time points. Once formed, the spheroids were treated with either EGCG or with EGCG-
NPs, continuously for 6 days. Simultaneously, specific control was also taken for comparison
purpose. In addition, an empty NPs without EGCG was used as control to compare the effect of
EGCG NPs. Every two days, new media was added to replace the spent media. Nikon's inverted
light microscope was used to take the spheroids' photos, which were then examined for size using
the image J software (https://image j.net/Invasion assay).

Measurement of reactive oxygen species in spheroids

Reactive oxygen species (ROS) production in spheroids was measured using the CellROX dye
(Life Technologies, Carlsbad, CA, USA). Both cell lines were plated in six-well poly-HEMA-
coated plates and continuously exposed to either solvent, EGCG, empty NP, or EGCG NP for 6




days ﬁ quantify ROS. CellROX (500 nM) was added when the time point was reached, and it was
then incubated at 37°C with 5% COz2 for 60 min. Following the incubation, the samples were
examined at flow cytometer utilizing CellROX® Green at 488 nm excitation.

Measurement of mitochondrial membrane potential in spheroids

The spheroids were continuously incubated for 6 days with either control and EGCG or empty NP
and EGCG NP for the mitochondrial membrane potential (MMP) measurement (Mittal et al.,
2017). A flow cytometer (Guava easyCyte™ Luminex) equipped with a 485 nm excitation filter
and a 590 nm emission filter was used to examine the treated cells for red and green fluorescence.
Live/dead assay in spheroids

Spheroids were continually exposed to solvent, EGCG, empty NP, and EGCG NP for 6 days as
part of this test. Propidium iodide (PI) dye in culture media was added to the spheroids once the
time point was complete, and they were then washed with 1X PBS and incubated for 10 min at
37°C. A flow cytometer (Guava easyCyteTM Luminex) was then used to examine the cells for red
fluorescence.

Statistical analysis

The GraphPad Prism 8.0 software was used to conduct a one-way analysis of variance for various
groups to fia differences between the control and treated groups (GraphPad Software, La Jolla,
CA, USA). All the experiments were performed in triplicate and results are reported as mean +
SD.p <0.05 were deemed statistically significant.

Results and Discussion

The NPs' particle sizes suggests that the addition of EGCG, did not resulted a significant increase
in size when compared to the corres“)nding free counterparts (Table 1). The 0.12 PDI values that
defined the NP dispersions showed a narrow and unimodal distribution, which is typical behavior
of monodispersed systems. The encapsulation efficiency of EGCG-NP was found to be 44%,
indicating a moderate affinity of the polymeric blend with the EGCG molecules in terms of drug
entrapment efficiencies. Additionally, the yields of production were found to be in between 67%
and 73%.

Anticancer screening of compounds is mostly performed in conventional 2D cell cultures which
often doesn’t concur in animal model. Hence, 3D spheroid culture models are gaining interest
lately that mimics human tumor tissue conditions (Hundsberger et al., 2021). 3D culture methods

typically use an extracellular matrix which imitate tissue key interactions including, cell-to-cell




and cell-to-extracellular matrix interactions (Biaﬁowska et al., 2020). In 3D culture, the cells
grow, aggregate, and self-assemble in a 3D plane in an environment that prevents attachment to a
flat surface, resulting in the formation of spheroid, resembling to in vive tumors (Lazzari et al.,
2017). The advantages of 3D spheroids include the possibility of screening a large number of
molecules and reducing high cost and ethical issues associated with animal usage (Pinto et al.,
2020). In the present study, we used 3D model to assess the impact of both EGCG and EGCG NP
treatment in PCa cell lines, namely, 22Rv1 and PC3.
Contemplating the earlier studies, we speculated the diverse therapeutic functions of EGCG in
different PCa cell lines could be mediated by androgen sensitivity (Bosutti et al., 2016, Russo et
al., 2020). Hence, we choose two different PCa cell lines viz. 22RV1 (androgen-responsive) and
PC3 (androgen-nonresponsive) for comparison.
EGCG and EGCG NPs treatment reduces spheroid size of PCa cell lines
Spheroid size is one of the crucial aspects to assess the efficacy of the test compounds. The
spheroid formation was accomplished by seeding cell suspensions into ultra-low attachment plates.
The microscopic examination of these spheroids showed different morphometric characteristics of
22Rv1 and PC3 cells. The treatment of 3D spheroid with the EGCG and EGCG NPs resulted
visible changes in their morphology during the treatment period of 6 days. The treatment of EGCG
and EGCG NPs showed significant reduction in spheroid size compared to that of control (Figure
and Figure 2).
As shown in Figure | (a and b upper panel), detachment of both 22Rv1 and PC3 cells resulted in
gradual increase of spheroid size in controls, i.e., from 271.5 mm® on the second day to 569.3 mm®
on the sixth day in 22Rv1 cells and from 243.5 mm? on the second day to 360.7 mm? on the sixth
day in PC3 cells. EGCG treatment significantlyﬁduces the spheroid sizes on 6" days from 569.3
to 107.9 mm® (Approximately 130% decline) in the 22Rv1 cell line (Figure la, lower panel).
Furthermore, we observed a similar decrease in the spheroid size on 6" day frgm 360.7 to 42.7
mm’ (Approximately 150% decline) in the PC3 cells (Figure 1b, lower panel). Overall, the data
clearly showed that the treatment of EGCG significantly attenuates spheroid size of 22Rv1 and
PC3 cells.
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Figure 1: Spheroid size decreased with EGCG treatment. Both (a) 22Rv1l and (b) PC3
underwent EGCG treatment for 2—-6 days after completing full growth in poly-HEM A-coated
plates forming 3D spheroids. Images were captured with a Nikon 40 inverted light microscope,
and size analysis was performed using the image J software (mean + SEM). **P < 0.01, and

*#*#%P < 0.001. For size measurement, 100 spheroids in total were examined.

Similarly, we also gssessed the impact of EGCG NPs treatment on spheroids size by comparing
with empty NPs in 22Rv1 and PC3 cells. As shown in Figure 2 (a and b upper panel), detachment
of both cell lines resulted in a gradual increase in spheroid size in the presence of empty NPs, i.e.,
from 193 mm’ on the second day to 248 3 mm”® on the sixth day in 22Rv1 cells and from 221.2
mm? on the second day to 348.7 mm? on the sixth day in PC3 cells. The treatment with EGCG
NPs significantly reduces the Spheroiﬁsizes on 2™ and 6™ days, corresponding to 193 to 95.7 mm?
and 248.3 to 102 mm’, respectively in the 22Rv1 cell line (Figure 2a, lower panel). Albeit there
was a decrease in the spheroid size from 222.5 to 131.33 mm® on the 4™ day in 22Rvl, the
difference was not statistically significant. 8irthermore, we observed a similaggdecline in the

spheroid size on the second day from 2212 to 114.2 mm® and 348.7 to 75.6 mm” on the sixth day




(Figure 2b, lower panel) in the PC3 cell line. Like 22Rv1, PC3 cells also showed a non-significant
decrease in spheroid size on the 4" day of EGCG NP treatment from 264.5 to 163.5 mm®. These
data revealed that the treatment of EGCG NPs significantly attenuates spheroid formation of
detached PCa cells.
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Figure 2: Spheroid size is decreased by EGCG NPs treatment. In poly-HEMA-coated plates,
(a) 22Rv1 and (b) PC3 were fully grown to form 3D spheroids. Pictures were acquired using a
Nikon inverted light microscope at 40x magnification atter the spheroids were treated for 26
days with empty nanolﬁ'ticles or EGCG NPs. Using image J software, images were processed
for size measurement (mean + S.E.M.). *P <0.05, and **P < 0.01. 100 spheroids in total were

measured for size analysis.

Spheroid growth result in the formation of necrotic/hypoxic cores with the outside layer largely

proliferative, the middle layer hypoxic, and the inner core necrotic (Sims et al., 2017). The efficacy
of a drug/compound to penetrate a tumor depends heavily on the size of the tumor because larger
tumors exhibit higher resisﬁnce, which is also seen in 3D tumor spheroid models (Perez et al.,
2021). In the current study, we observed a dramatic decrease in the spheroid size as a result of both

EGCG and EGCG NP treatment in 22Rv1 and PC3 cell lines. A comparatively higher reduction
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in spheroid size was noted in the PC3 cells after the treatment with EGCG and EGCG NPs.
Previous studies suggested various anticancer mechanisms of EGCG and EGCG NPs, such as
influence on cellular apoptosis, ROS generation, and inhibition of mutant p53 or tyrosine kinase
(Cheng et al., 2020, Farooqi et al., 2020). Our results are concurrent with different studies that uses
PLGA/lipid NPs loaded EGCG in 3D models (Hung et al., 2016, Sims et al., 2017, Michy et al.,
2019). Sims et al. (2017) reported an increased penetration and distribution of PLGA-modified
NPsin HelLa and SiHa spheroids (Sims et al.,2017). The PLGA-encapsulated EtINBS NPs deeply
penetrated the 3D spheroid of gastrointestinal carcinoma's hypoxic and acidic cores, which are
typically therapeutically resistant tumor regions (Hung et al., 2016). In ovarian spheroid cancer
cells, verteporfin-encapsulated lipid nanocarriers effectively inhibited proliferation than free
verteporfin (Michy et al., 2019). Similarly, biotin-conjugated pullulan acetate NPs has been noted
for comparable anticancer activity in 3D culture and a xenograft hepatic tumor model (Chen et al.,
2019).

EGCG and EGCG NPs treatment induce ROS in spheroids of PC3 not in 22Rv1

We assessed the impact of control and treatment groups (EGCG & EGCG NPs) on ROS production
using flowcytometry by applying CﬂROX dye at the end of the sixth day in darkness for 30
minutes. The EGCG and EGCG NPs treatment fails to induce a statistically significant production
of ROS in 22Rvl spheroids compared to controls [Figure 3 & 4 (a, upper and lower panels)].
However, EGCG and EGCG NPs treatment induces significant production of ROS in PC3 cells
[Figure 3 & 4 (b, upper and lower panels)].

These results indicate involvement of ROS-mediated mechanism(s) in PC3 cells for
antitumorigenic effects of EGCG and EGCG NPs. Since, the elevated levels of ROS has been
reported to trigger anticancer mechanisms, treating cancer cells with ROS stimulating agents may
offer cancer-specific therapy (Gul et al., 2022). The expression of prostate specific membrane
antigen (PSMA) have shown relationship with androgen signaling that could play an important
clinical implications for PCa treatment (Batra et al., 2019). However, several studies reported that
ROS are not an obligatory contributor to produce anticancer effects (Ivanova et al., 2016, Alserihi

etal.,2022).
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Figure 3: EGCG fails to induce ROS in spheroids in 22Rv1 cells (a) and induces ROS in PC-3
cells (b). On poly-HEMA-coated plates, the cells were cultivated before treatment for six days
with control or EGCG (6 pM). CellROX dye was applied to the spheroids at the end of the time
point and was incubated for 30 minutes in the dark. The manufacturer-provided standardized
wavelength and the Guava Flow Cytometer was used to quantify fluorescent intensity. The values

are presented as mean + SEM (n = 6).
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Figure 4: EGCG NPs fails to induce ROS in spheroids 22Rv1 cells (a) and induces ROS in PC-3
cells (b). On poly-HEMA-coated plates, the cells were cultivated before being treated for six days
with control or EGCG NPs (6 uM). CellROX dye was applied to the spheroids at the end of the
time point and was incubated for 30 minutes in the dark. The manufacturer-provided standardized
wavelength and the Guava Flow Cytometer was used to quantify fluorescent intensity. The values
are presented as mean + SEM (n = 6).

EGCG and EGCG NPs treatment fails to promote mitochondrial leakage in PCa cells

The spheroids of both 22Rv1 and PC3 cells treated with EGCG and EGCG NPs showed a non-
significant association in mitochondrial depolarization as evident by JC-1 dye fluorescence (Figure
5 & 6, upper and lower panels). The increase in depolarization and decrease in polarization of
mitochondria membrane potential has been reported as important hallmarks of tumorigenesis
(Porporato et al., 2018). These results pointed the possibility of mitochondrial independent
mechanism of cytotoxicity and ROS production. Recently, Adamczuk et al. (2021) also reported
a mitochondria-independent cytotoxic effect of leflunomide in RPMI-8226 multiple myeloma cell
lines (Adamczuk et al., 2021). ROS are not only produced by mitochondria in living things, but
also by NADPH oxidases, xanthine oxidase, oxidases of aldehydes, amino acids, and

carbohydrates under specific conditions in a precise spatiotemporal manner (Lushchak 2016).
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Figure 5: EGCG fails to induce depolarization in PCa spheroids. The treated spheroids were mixed
with JC-1 dye at the time point's end, and they were then incubated for 30 minutes at 37°C. The
manufacturer-provided standardized wavelength for the Guava Flow Cytometer was used to

measure the fluorescent intensity. The values are shown as the mean + SEM (n = 6).
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Figure 6: EGCG NPs fails to induce depolarization in PCa spheroids. The treated spheroids were
mixed with JC-1 dye at the time point's end, and they were then incubated for 30 minutes at 37°C.
The manufacturer-provided standardized wavelength for the Guava Flow Cytometer was used to
measure the fluorescent intensity. The values are shown as the mean + SEM (n = 6).

EGCG treatment promotes apoptosis in PCa cells

Figure 7 (a, b), upper and lower panels show that there was a highly significant difference between
22Rv1 and PC3 spheroids treated with EGCG in terms of the number of living and apoptotic cells.
Moreover, 22Rv1 cells treated with EGCG showed an increase i[ﬁpoptotic cells of almost 72%
(from 10.6% to 38.2%) when compared to control. However, the number of apoptotic cells
increased in PC3 spheroids treated with EGCG by 31% (from 26.1% to 38.1%) in comparison to
control. These results were expected, as the EGCG has been reported to induce apoptosis in various
cancer models (Zhao et al.,2021, Khiewkamrop et al., 2022). However, the EGCG NPs were failed
to show a significant change in live and apoptotic cells in 22Rv1 and PC3 spheroids compared to

empty NPs.
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Figure 7: EGCG induced apoptosis in PCa spheroids. The treated spheroids received PI dye at the
end of the time point, and they were then incubated for 30 minutes at 37°C. Using a Guava Flow
Cytometer and a defiped wavelength that the manufacturer provided, fluorescent intensity was

assessed. The values are shown as the mean + SEM (n = 6). **P < (0.01 and ***P <0.001.
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Figure 8: EGCG NPs fails to induce apoptosis in PCa spheroids. The treated spheroids received
PI dye at the end of the time point, and they were then incubated for 30 minutes at 37°C. Using a
Guava Flow Cytometer and a defiged wavelength that the manufacturer provided, fluorescent
intensity was assessed. The values are shown as the mean + SEM (n = 6). **P < 0.01 and ***P <
0.001.

Conclusion

Overall, our results indicate the anticancer efficacy of EGCG and EGCG NPs in 3D spheroids of
PCa cell lines. The spheroid sizes of studied cell lines were significantly reduced after the treatment
with EGCG and EGCG NPs. The EGCG and EGCG NPs induced ROS in PC3 and not induced in
22Rv1 possibly suggesting, no role of receptor mediated antigen i.e., PSMA. Surprisingly, we
didn’t observe any significant changes in mitochondrial membrane potential treated with EGCG
or EGCG NP in 22Rv1 and PC3 spheroids. There was significant increase in apoptotic cells in
EGCG treated groups. Overall, our results indicate a significant anticancer potential of EGCG

alone. In addition, the nanoform version mostly showed better potential compared with EGCG
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alone. Further, preclinical in vivo studies and possible modulation in nanoform are recommended
that could verify our in vitro data and further enhance its potential for possible usage in clinics.
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