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Abstract: In continuation of our previous studies, we
developed polymeric epigallocatechin 3-gallate (EGCG)-
loaded nanoparticles (NPs) coupled with folic acid (FA),
able to dually bind the human folate receptor alpha
(FOLR1), and prostate-specificmembrane antigen (PSMA+)
in prostate cancer (PCa) model. After a preliminary com-
putational molecular recognition of NP′ ligand binding
on the FOLR1 active site, we synthesized the biocompati-
ble block-copolymer PLGA–PEG–FA to prepare EGCG-
targeted NPs (EGCG-T-NPs). The obtained NPs were
characterizedbyvariousanalytical techniques,andanticancer
efficacy was determined by different sets of experiments in a

3D culture of PCa using PC3 and 22Rv1 cell lines. Results
showed a significant reduction in spheroid size by EGCG-
T-NPs, especially in PSMA+ (22Rv1) cells. The targeted NPs
significantly enhanced the antiproliferative activity of EGCG
against PCa cell lines, especially toward the PSMA+ cells,
known to have higher FOLR1 expression. We did not observe
any changes in the reactive oxygen species formation
in both studied cell lines. However, significant changes
in mitochondrial depolarization (15%) and polarization
(18%)were recorded in response to EGCG-T-NP compared
to control in 22Rv1. Similarly, EGCG-T-NP treatment also
showed an increase in the number of dead apoptotic cells
in 22Rv1 spheroids. Collectively, the obtained results support
our hypothesis about the role of these targeted nanoproto-
types in the increasing cellular uptake of EGCG payload into
PCa cells, thus enhancing its antitumor efficacy.

Keywords: epigallocatechin gallate, folate receptor, mole-
cular docking, nanoparticles, prostate cancer, targeted
delivery

1 Introduction

Prostate cancer (PCa) is the most common neoplastic dis-
order and the second leading cause of cancer-related
deaths among males worldwide [1]. It accounts for 7.3%
of all cancer incidences and 3.8% of cancer-related deaths
in males in 2020 [2]. The increasing prevalence of PCa has
become a global health challenge causing multi-organ
spread and poorer prognosis in advanced stages [3]. Extra-
prostatic or metastatic stage diagnosis and neoplastic
heterogeneity often complicate the therapeutic benefits
[4]. Therefore, there is a compelling requirement to discover
novel, harmless yet highly specific chemotherapeutics against
this type of cancer [5,6].

Green tea, the most popular beverage consumed world-
wide, demonstrated various degrees of protection against
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different diseases, including cancer [7,8]. An active catechin
component, the (−)-epigallocatechin 3-gallate (EGCG), has
shown an effective chemopreventive potential bymodulating
various cell signaling pathways in several in vitro assays of
tumor cell lines and in in vivo preclinical, experimental
models of induced carcinogenesis [9,10]. The first pioneering
work highlighted that oral administration of green tea cate-
chins extracts could be beneficial in the early stage of PCa,
leading to a long-lasting inhibition of cancer progression
[11,12]. Further data reported the therapeutic effectiveness
of EGCG alone or in combination against PCa and other
cancer [13,14]. Despite its efficacy and safety, the role of
EGCG in cancer prevention and therapy is still discussed
due to poor absorption, rapid metabolism and elimination,
and inefficient systemic bioavailability [15].

In this context, nanotechnology-based strategies such
as liposomes, nanoparticles (NPs), micelles, and other for-
mulations have shown improvement in the anticancer
potential of EGCG by enhancing its potency and reducing
toxicity, side effects, and increased the concentration at
the cancer site [16–18]. Advances in engineered nano-
vehicles with various materials allowed sustained delivery
and controlled release of EGCG with enhanced stability
and bioavailability [19,20]. Among these nanosystems,
polymeric NPs are largely considered because of good bio-
compatibility, simple design, preparation, and customiza-
tion, especially for targeted delivery [21,22]. Previously,
Siddiqui et al. introduced the concept of “nanochemopre-
vention,”where the efficacy of EGCG encapsulated in poly-
lactic acid–polyethylene glycol NPs was determined in a
preclinical setting [16,23,24]. A major challenge to improve
the pharmacological profile of EGCG can also be pursued
by a cell/tissue-specific targeting approach [25]. In our
earlier studies, we developed novel NPs targeting pros-
tate-specific membrane antigen (PSMA), a tumor-asso-
ciated membrane receptor that appeared overexpressed in
some specific PCa cells [26,27].

Active targeting exploited by the inclusion of a spe-
cific ligand on the NPs’ surface is expected to provide an
intriguing strategy for the development of effective anti-
tumor therapeutics. In this study, we focused our attention
on folate receptors human folate receptor alpha (FOLR1),
well-known transmembrane glycoproteins, highly expressed
on the majority of cancer tissues, to exploit the folate
demand of rapidly dividing cells under low folate conditions
[28,29]. Since PSMA has significantly elevated levels in pros-
tate tissue compared with normal tissues, its upregulation
contributed to tumor progression. PSMA exhibits the enzy-
matic function as a glutamate carboxypeptidase and folate
hydrolase, thus implying its role in the metabolism of
folates and their subsequent uptake [30].

Functionalization of NPs with ligands, i.e., folic acid
(FA), able to bind to the extracellular region of these recep-
tors, can be considered for selective and effective delivery
of ECGC to PCa cells. To the best of our knowledge, no
previous study has shown the effect of EGCG-loaded
PLGA–PEG–FA-based NPs in PCa cells using a 3D culture
model. In the present study, we developed a precise tar-
geted polymeric (PLGA–PEG) EGCG-loaded NPs, decorated
with FA small molecules on their shell surface to achieve
active cellular targeting toward FOLR1 and PSMA, and
investigated their antiproliferative properties and com-
pared the efficacy in two PCa cells (i.e., PC3 [PSMA−] and
22Rv1 [PSMA+]). The reason for selecting PC3 and 22Rv1 was
the presence (22Rv1) or absence (PC3) of PSMA, albeit both
expressed FOLR1. On the other hand, choosing the 3D cell
culture system over the traditional 2D model was due to its
ability to better represent human tissues outside the body [31].

2 Materials and methods

2.1 Molecular modeling

The three-dimensional structure of the FOLR1 in complex
with FA was retrieved from the RCSB Protein Data Bank
(pdb: 4LRH, resolution: 2.80 Å) [32] utilizing a well-
established docking protocol [33,34]. The docking studies
were performed on a personal Macbook installed with the
IOS operating system. The ligands FA and PEG–FA were
constructed in a neutral form and energy was minimized
by standard molecular mechanics protocols. The protein
target was prepared by using AutoDock version 4.25 [35].
Briefly, ions and water molecules were removed, while
hydrogen atoms were highlighted by the ADT module imple-
mented in AutoDock. The charges were checked using the
appropriate Gasteiger module for proteins implemented
in AutoDock [36]. The docking was performed using the
empirical free energy function and the Lamarckian protocol
[37]. Mass-centered grid maps were generated with 40 grid
points for every direction. Random starting position on the
entire protein surface, orientations, and torsionswere used for
the ligands. Interactions in all the complexes were analyzed.

2.2 Chemistry of polymer synthesis

2.2.1 Chemistry

The synthesis of the copolymers was followed as described
earlier with slight modification [38]. The analyses were done
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by using different techniques such as nuclear magnetic reso-
nance (1H-NMR), MALDI-TOF mass spectra, UV-vis absorp-
tion spectra, and HPLC. The synthesized materials were
found to be >95% pure.

2.3 Synthesis of PLGA–PEG–NH2

We prepared a sufficient amount of activated PLGA–N-
hydroxysuccinimide (NHS) intermediate. Briefly, NHS (32mg,
1.1mmol, ∼4 equiv.) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (58.2mg, 1.2mmol, ∼4.3 equiv.) were added
under nitrogen atmosphere to a solution of PLGA–COOH
(1.25 g, 0.07mmol) in anhydrous methylene chloride (5mL).
The resulting solution was magnetically stirred at room tem-
perature for 12 h. The activated polymer of PLGA–NHS was
collected by first precipitation with cold diethyl ether (5mL)
as a white solid, which was filtered and repeatedly washed in
a cold mixture of diethyl ether and methanol. Then, the pro-
duct was dried with nitrogen under vacuum to remove the
solvent (yield: ∼96%). In the next stage, DIPEA (0.18mL,
1.034mmol) was added to a solution of PLGA–NHS (0.10 g,
0.0056mmol) in anhydrous CHCl3 (2mL) and NH2–PEG–NH2

(0.098 g, 0.028mmol) in anhydrous CHCl3 (1mL). The solu-
tion was magnetically stirred at room temperature for 24h
under a nitrogen atmosphere. The PLGA–PEG–NH2 copol-
ymer was obtained by precipitation with cold diethyl
ether, dried under vacuum, and used to synthesize the
PLGA–PEG–FA copolymer without further treatment (yield,
92%). 1H-NMR (400 MHz, CDCl3): δ 5.30–5.12 (m, 1H,
–OC–CH(CH3)O–, PLGA), 4.90–4.62 (m, 2H, –OC–CH2O–,
PLGA), 3.65 (brs, 2H, –CH2CH2O–, PEG), 1.58 (brs, 3H,
–OC–CH(CH3)O–, PLGA) [38].

2.4 Synthesis of FA–NHS intermediate

The activated FA was synthesized as per the earlier study
with few modifications [39]. FA (100mg; 0.226mmol),
DCC (93.5mg; 0.453mmol, 2 equiv.), and NHS (52.08mg;
0.453mmol, 2 equiv.) were dissolved and magnetically
stirred under light protection and in nitrogen atmosphere
in 1.5mL dimethyl sulfoxide (DMSO) in the presence of a
catalytic amount of triethylamine (TEA; 0.045mL) for 16 h.
Then, the reaction mixture was filtered, and the solution
was repeatedly treated (decantation and filtering) with
cold anhydrous ether to obtain a yellow/orange product.

FA–NHS was fully characterized using NMR and mass
spectrometry.

2.5 Synthesis of PLGA–PEG–FA

PLGA–PEG–NH2 (500mg; 0.02736mmol) and FA–NHS
(36.25mg; 0.08208mmol) were dissolved in 5mL DMSO,
and the resulting reaction was stirred for 24 h under light-
protected conditions in argon atmosphere [39]. The desired
tri-block-copolymer was obtained as a solid after precipita-
tion with cold methanol, diethyl ether. The solid was filtered
and dried under a vacuum to obtain a crude orange powder.
Then, the product was dissolved in 80mL of dichloro-
methane (DCM) and filtered, and the solution was concen-
trated to obtain an amorphous solid, which was used for the
preparation of targeted NP (yield, 69%). 1H-NMR (400MHz,
CDCl3): δ 5.28–5.12 (m, –OC–CH(CH3)O–, PLGA), 4.98–4.85
(m, –OC–CH2O–, PLGA), 3.5 (brs, –CH2CH2O–, PEG), 1.48
(brs, –OC–CH(CH3)O–, PLGA). The characteristic pattern of
FA (6.6–6.7 ppm, 7.6–7.7 ppm, and 8.6–8.7 ppm) was
detected in the spectra.

2.6 Preparation of NPs

NPs were prepared using a nanoprecipitation method as
reported earlier with slight modifications [27]. Unloaded
NPs were also formulated and used for comparison (vehicle
control, Ø-T-NP).

2.7 Characterization of NPs

2.7.1 Morphology and size

Morphological examination of NPs was conducted by uti-
lizing environmental scanning electron microscopy (Zeiss
LS10, Germany). Operatively, a drop of an aqueous sus-
pension of NPs was deposited on an aluminum stub and
dried until complete solvent (water) evaporation. Then,
the samples were submitted to gold sputtering (Sputter
Coater Edwards S150A) and analyzed at an acceleration
voltage of 10 kV under an argon atmosphere. Mean dia-
meter and polydispersity index (PDI) of NPs were mea-
sured using photon correlation spectroscopy (Zetasizer
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Nano ZS, Malvern Instruments, UK) at 25°C and at a scat-
tering angle of 90° after dilution of samples with Milli-Q
water. Each sample was measured in triplicate.

2.7.2 Drug loading content, encapsulation efficiency,
and production yields

The amount of the loaded EGCG was determined by dis-
solving a weighed amount of dried EGCG-loaded NPs in a
mixture of acetonitrile/water (50:50, v/v) using a modi-
fied HPLC method [40]. Chromatographic analysis was
performed on a 1260 Infinity II (Agilent Technologies,
US) liquid chromatography system equipped with a diode
array detector of the same series, using an Infinity Lab
Poroshell 120, EC-C18 column (4 µm, 4.6 mm × 100mm;
Agilent Technologies)with an elution flow rate of 0.8mL/min,
and a linear solvent gradient of A–B [(A, 10mM KH2PO4

(pH 4.0); B, CH3CN:H2O (65:35 v/v)], as follows: 0min,
0% B; 5min, 20% B; 15min, 30% B.

The injection volume was 20 µL, the wavelength for
UV detection was 280 nm, and the retention time of EGCG
was 11 min. The calibration curves were found to be linear
in the range of 12.5–100 µg/mL (y = 30.453x; R2 = 0.9999).
The production yields were reported and expressed as the
weight percentage of the weighed product after drying,
considering the initial amount of solid materials used for
the preparation of NP.

2.8 Biological evaluation

2.8.1 Cell culture

Tumorigenic cell lines, namely, PC3 and 22Rv1 (prostate
carcinoma), were procured from ATCC (Manassas, VA,
USA). ATCC used a short tandem repeat DNA profiles data-
base for their identity confirmation. Both cell lines were
cultured in a suitable cell culture medium, i.e., DMEM and
RPMI-1640 (Gibco, ThermoFisher, USA), respectively, con-
taining 10% fetal bovine serum and 1% penicillin.

2.8.2 3D spheroid assay

We cultured both cell lines on poly-HEMA-covered plates for
different time points for the induction of 3D assay. Once
formed, the spheroids were treated with either empty tar-
geted nanoparticles (Ø-T-NPs) or with EGCG-targeted nano-
particles (EGCG-T-NPs) continuously for 6 days. The spent

mediawas replacedwith freshmedia every 2 days. The images
of spheroids were captured by using Nikon inverted light
microscope, and imageswere analyzed for sizemeasurement
by image J software (https://image j.net/Invasion assay).

2.8.3 Reactive oxygen species measurement in
spheroids

CellROX (Life Technologies, Carlsbad, CA, USA) dye was
used to quantitate the amount of reactive oxygen species
(ROS) formation in spheroids. For ROS quantification,
both cell lines were plated on poly-HEMA-coated six-well
plates treated with either Ø-T-NP or EGCG-T-NP continu-
ously for 6 days. After reaching the time point, CellROX
(500 nM) was added and incubated at 37°C in 5% CO2 for
60min. After the incubation, the samples were analyzed
using a flow cytometer at 488nm excitation for the CellROX®

Green.

2.8.4 Mitochondrial membrane potential measurement
in spheroids

For the mitochondrial membrane potential (MMP) ana-
lysis, the spheroids were treated with either Ø-T-NP or
EGCG-T-NP continuously for 6 days using the procedure
described by Mittal et al. [41]. The cells were analyzed for
red and green fluorescence in a flow cytometer (Guava
easyCyte™ Luminex) coupled with 485 nm excitation
filter and 590 nm emission filter.

2.8.5 Live dead assay in spheroids

For this assay, the spheroids were either treated with
Ø-T-NP or EGCG-T-NP continuously for 6 days. After com-
pletion of the time point, the spheroids were washed with
1× PBS and incubated with 10 µg/mL of propidium iodide
(PI) dye in culture medium for 10 min at 37°C. The cells
were then analyzed for red fluorescence in a flow cyto-
meter (Guava easyCyte™ Luminex).

3 Statistical analysis

Differences between vehicle control and EGCG targeted
NPs treated groups were determined by one-way analysis
of variance for multiple groups, using GraphPad Prism
8.0 software (GraphPad Software, La Jolla, CA, USA).

Targeted delivery of EGCG loaded nanoparticles: PCa treatment  301

https://image j.net/Invasion assay


Test results with P < 0.05 were considered statistically
significant.

4 Results

4.1 Design of FA-targeted NPs

We envisioned obtaining novel FA-targeted polymeric
NPs encapsulated with EGCG (EGCG-T-NPs) (Figure 1).
A blend of poly(D,L-lactide-co-glycolide) poly(ethylene
glycol) (namely, PLGA–PEG) and poly(epsilon-caprolac-
tone) (PCL) was considered as biocompatible/biodegrad-
able polymeric mixture. We used the di-block-copolymer
PLGA–PEG–NH2 intermediate to conjugate the FA and
obtain the tri-block-copolymer PLGA–PEG–FA, needed
for the preparation of targeted NPs.

To get information on the impact of FA-PEGylation in
primary binding with FOLR1, we conducted a compara-
tive computational docking study between FA (pdb: 4LRH)
and a model of PEG–FA to the FOLR1 catalytic site, and
peculiar ligand–protein interactions and the docking binding
energies were analyzed. Docking analysis revealed that both
FA and PEG–FA overlapped and accommodated well within
the active site (Figure 2). In contrast, the polymeric aliphatic
model (PEG–FA) showed slightly better docking energy to FA
binding with FOLR1 (docking energies were −13.232 and
−14.126 kcal/mol, for FA and PEG–FA, respectively). More
specifically, the folate pteroate moiety was placed inside
the receptor, whereas its glutamate moiety extends

externally from the cavity to the solvent, sticking out of
the pocket entrance, especially the conjugated model. The
X-ray cocrystal structure showed stacking of the pterin
ring between a pocket formed by Asp81, Tyr85, Trp171,
and Ser174 residues, whereas the aminobenzoate portions
of both ligands shared hydrophobic interactionswithHis135,
while the glutamate moieties formed hydrogen bonds with
Trp102, Gly137, and Trp140. Further interactions with His135,
Gly137, and Trp138 contributed to stabilizing the amino-
benzoate backbone. This observation supported the use of
the PEG–FA constructs for this study.

Figure 1: Schematic representation of the designed targeted PLGA–PEG–FA-based (EGCG)-loaded NPs (EGCG-T-NPs). Chemical structure of
EGCG, FA targeting ligand, and PLGA–PEG/PCL polymers.

Figure 2: Binding modes of both FA (yellow) and its PEG polymeric
conjugated (PEG–FA) model (red) superimposed on the folate
receptor active site (pdb: 4LRH).

302  Read F. Alserihi et al.



4.2 Synthesis of tri-block-copolymer
PLGA–PEG–FA

The PLGA–PEG–FA tri-block-copolymer was synthesized
using a two-step reaction, as described earlier (Scheme 1a–c).
First, the carboxyl-terminus PLGA–COOH was activated
(withNHS) to generate the intermediate PLGA–NHS,which
was then converted on PLGA–PEG–NH2 by conjugating
bifunctional PEG, NH2–PEG–NH2, to activated polymer
(Scheme 1a). The structure of the copolymer was confirmed
by 1H-NMR spectroscopy. More specifically, a signal detected
at 1.48 ppmwas attributed to the lactide methyl repeat units.
Overlappingmultiplets observed in the range of 5.30–5.15 and
4.96–4.80 indicated the lactide methine and the glycolide
protons, respectively. Moreover, in addition to the signals
specific for PLGA, the presence of the peak at about 3.51 ppm
correspond to the PEG methylene protons, confirming the
successful preparation of the desired copolymer. The desired
PLGA–PEG–FA was obtained by conjugating the activated
targeting agent, i.e., FA–NHS (Scheme 1b), to the amine
PEG terminal group of PLGA–PEG–NH2, which resulted in
the structurally and physiologically stable amide bonds
(Scheme 1c). The presence of the folate terminal groups

was confirmed by 1H-NMR analysis, which displayed the
PLGA pattern in the range of 5.1–5.3, 4.8–5, and 1.5 ppm,
while the PEGmoiety was detected at 3.5 ppm. The charac-
teristic peaks of the folate termini were found to be at
6.6–6.7 ppm, 7.6–7.7 ppm, and 8.6–8.7 ppm, supporting
the successful conjugation (Figure 3).

4.3 Preparation and characterization of NPs

NPs were successfully obtained by the nanoprecipitation
technique using a blend of hydrophobic polymer PCL and
the amphiphilic block copolymers PLGA–PEG–FA (Scheme 1d).
We prepared two batches of NPs, which included PLGA–
PEG–FA loaded with EGCG NPs (EGCG-T-NPs), and its
unloaded ones (Ø-T-NP) for comparison. The blended
approach allows the hydrophobic PLGA component and
PCL self-assembly to form a core surrounded by hydrophilic
PEG chains, thus provide better hydrophilic/hydrophobic
balancing.Thesepolymers,particularlyPEG,conferahydro-
philic surface to NPs, which provide antibiofouling pro-
perties, prevent/reduce nonspecific interaction, and limit
macrophage capture. PEG was also able to ensure the

Scheme 1: (a) Synthesis of copolymer PLGA–PEG–NH2, (b) FA–NHS intermediate, (c) tri-block-copolymer PLGA–PEG–FA, and (d) nano-
formulation for EGCG-T-NP.
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optimal distance between FA and NP surface. Conversely,
PEGylation allows enhanced distribution and prolonged
circulation time of NPs in blood by improved permeability
and retention (EPR) effect, resulting in increased accumu-
lation in tumors.

The scanning electron microscope (SEM) observa-
tions showed that both NPs batches have well-dispersed
particles with a regular spherical shape (Figure 4). The
particle size of NPs ranges from 115 nm to about 130 nm,
suggesting that the loading of the EGCG into NPs did not
result in a significant increase in size compared to the
corresponding free counterparts (Table 1). The NP disper-
sions were characterized by low PDI values (below 0.2),
indicating a narrow and unimodal distribution, typical beha-
vior of monodispersed systems (Figure 1). As far as the drug
entrapment efficiencies were concerned, the encapsulation

efficiency of EGCG-T-NP was found to be 50%, suggesting
a good affinity of polymeric blend with the EGCG mole-
cules. Moreover, yields of production obtained were high
and were found to be in the range of 75–82%.

4.4 EGCG-targeted nanoparticle treatment
reduces spheroid size of PCa cell lines

3D spheroids are well-established mimics of in vivo tumors;
therefore, we used this highly important and specific model
to assess the antitumorigenic capacity of EGCG-targeted
NPs. We assessed the impact of both empty targeted NP
and EGCG-targeted NP treatment on spheroids size of two
well-known PCa cell lines, namely, 22Rv1 and PC3. As

Figure 3: 1H-NMR characterization of copolymer PLGA–PEG–FA.

Figure 4: SEM images of EGCG-T-NP (left) and corresponding particle size distribution (right). The scale bar is 200 nm.
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shown in Figure 5(a and b upper panel), detachment of both
22Rv1 and PC3 cell lines results in a statistically significant
and gradual increase in spheroid size in the presence of
empty targeted NP, i.e., from 183 mm3 on the second day
to 245mm3 on the sixth day in 22Rv1 cells and from 236mm3

on the second day to 438 mm3 on the sixth day in PC3 cells.
However, treatment with EGCG-targeted NPs significantly
reduces the spheroid size on the sixth day, i.e., from 245
to 96 mm3 in the 22Rv1 cell line (Figure 5a, lower panel).
Furthermore, we observed a similar decrease in the spheroid
size on the seconddayand from438 to370mm3on the sixth
day (Figure 5b, lower panel) in the PC3 cell line.Overall, the
aforementioned data clearly showed that EGCG-targeted

NP significantly attenuates spheroid formation of detached
22Rv1 cells compared to PC3 cells.

4.5 EGCG-targeted nanoparticle treatment
fails to induce ROS in spheroids of PCa
cell lines

We assessed the impact of both empty targeted NPs and
EGCG-targeted NPs treatment on ROS production in spher-
oids of both studied cell lines. As shown in Figure 6(a and b,
upper and lower panels), EGCG-targeted NP treatment fails to
induce any significant production of ROS in both 22Rv1 and

Table 1: Average diameter, PDI, percentage of EE, EGCG loading content (DLC%) ±, and YP% of formulated NPs. Data are represented as
mean ± SD, n = 3

Batch Mean diameter (nm) PDI EE (%) DCL (%) YP (%)

Ø-T-NP 115.28 ± 6.17 0.123 ± 0.04 — — 75.60 ± 3.06
EGCG-T-NP 128.42 ± 3.57 0.114 ± 0.03 49.82 ± 3.74 2.49 ± 0.19 81.73 ± 6.21

Figure 5: EGCG-targeted nanoparticle decreases spheroid size. Both (a) 22Rυ1 and (b) PC3 were fully grown in poly-HEMA-coated plates to form
3D spheroids. Furthermore, spheroids were treated with empty targeted nanoparticle or EGCG-targeted nanoparticle for 2–6 days, and pictures
were taken by Nikon inverted light microscope at ×40. Images were analyzed for size measurement using image J software (mean ± S.E.M.,
n = 100). *P < 0.05, **P < 0.01, and ***P < 0.001. A total number of 100 spheroids were measured for size examination.
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PC3 cell lines compared to empty targeted NPs. These results
suggest that the antitumorigenic capabilities of EGCG-tar-
geted NPs were devoid of ROS-mediated mechanism(s).

4.6 EGCG-targeted nanoparticle treatment
promotes mitochondrial leakage and
cell death

The spheroids of 22Rv1 treated with empty targeted NPs
and EGCG-targeted NPs showed a significant (P < 0.001)
increase in mitochondrial depolarization. The EGCG-tar-
geted NPs reduce polarization in the mitochondrial mem-
brane in 22Rv1, but no significant difference was observed
in PC3 cells as evident by JC-1 dye fluorescence (Figure 7,
upper and lower panels). Results showed an approxi-
mately 18% reduction in mitochondrial polarization and
a 15% increase in mitochondrial depolarization in 22Rv1
spheroids treated with EGCG-targeted NPs compared to
empty targeted NPs. Both increases in depolarization and
decreases in the polarization of mitochondria membrane
potential are hallmarks of mitochondria-mediated apo-
ptosis. As evident in Figure 8 (upper and lower panels),

the number of dead apoptotic cells was also found to be
increased in 22Rv1 spheroids treated with EGCG-targeted
NPs compared to empty targeted NPs. An approximately
12% increase in apoptotic cells was observed in 22Rv1
treated with EGCG-targeted NPs compared to control
NPs. Conversely, we did not observe any significant dif-
ference in the number of dead apoptotic cells with respect
to both control and EGCG-targeted NPs in PC3 cells.

5 Discussion

The quest of a potential anticancer agent marks the poly-
phenolic constituent of green tea, viz, EGCG. Despite its
therapeutic potential over a wide range of cancer, its
clinical application has been limited because of the low
utilization rate with poor stability and systemic bio-
availability [42–44]. Deprived intestinal stability and
low absorption were suggested as the main culprits that
influenced its bioavailability [45]. In addition, the lack of
specific receptors carrying EGCG into cells and the pre-
sence of efflux proteins that pump back EGCG into the
intestinal lumen also result in reduced absorption of

Figure 6: EGCG-targeted nanoparticle fails to induce ROS in spheroids of PCa cell lines. Both (a) 22Rv1 and (b) PC-3 were grown on poly-
HEMA-coated plates and treated with either empty targeted nanoparticles or EGCG-targeted nanoparticle (6 µM) for 6 days. At the end of the
time point, CellROX dye was added to the spheroids and incubated for 30 min in dark. Fluorescent intensity was measured by using Guava
Flow Cytometer at a standardized wavelength provided by the manufacturer. Values are shown as mean ± SEM (n = 6).
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EGCG in cells [45,46]. Several approaches have been
reported in the scientific literature to overcome the reduced
bioavailability of EGCG in the therapeutic setup. Earlier
works reported significantly increased bioavailability of
EGCG by molecular modifications, nanostructure-based
drug delivery systems, and the co-administration of EGCG
with other bioactive compounds [19,45]. Nanostructure-
based drug delivery systems have been suggested as a
potential approach that helps to overcome the stability
and bioavailability of the enclosed EGCG.

In this study, we used a biocompatible block-copoly-
mer PLGA–PEG–FA for the preparation of targeted
EGCG-loaded NPs. A blend of poly(D,L-lactide-co-glycolide)
poly(ethylene glycol) (namely, PLGA–PEG) and PCL was
considered as biocompatible/biodegradable polymeric mix-
ture for the preparation of NPs [47]. These are the widely
considered polyesters for building the core of polymeric
micelles and have shown great promises as potential nano-
carriers [48]. Compared to other polymeric esters, PCL
degradation proceeds very slowly, limiting its utilization
in some specific biomedical fields. Modification such as sur-
face decoration or forming composite systems with other
natural and synthetic polymers make PCL suitable for a
larger application [49,50]. The blended approach allows

the hydrophobic PLGA block and PCL self-assembly to
form a core surrounded by hydrophilic PEG chains, thus
providing a better hydrophilic/hydrophobic balancing. Pre-
viously, we reported a precisely controllable EGCG loading
content, better encapsulation efficiency, and high production
yields by a blend of two polymers, PLGA–PEG–A or PLGA–
PEG–DCL, or PLGA–PEG–AG, with PCL [27].

Diverse tumor tissue targeting approaches have been
reported in the literature for an accurate and effective
anticancer therapy of small molecules [18]. The aggres-
sive upregulation of high-affinity folate receptors in PCa
cells with a limited expression in nonmalignant cells makes
it an important targeting molecule [51]. The increase in
folate receptors reflects the increased nutritional require-
ment of FA, which is essential for synthesizing nucleotide
bases. Several studies suggested folate receptor targeting, a
very promising approach in anticancer treatment [49–51].
The reduced off-site toxicity, increased selectivity, and
enhanced potency by folate-tagged bioactive molecules
against tumor cells compared to nontargeted drugs has
been reported in the scientific literature [52–54]. EGCG
combined with FA has also been reported for the chemo-
preventive effect on gastrointestinal carcinogenesis in rats
[55]. Several studies also reported FA-conjugated nano

Figure 7: EGCG-targeted nanoparticle induces depolarization in spheroids. Both 22Rv1 (a) and PC3 (b) were grown on poly-HEMA-coated
plates and treated with either empty targeted nanoparticles or EGCG-targeted nanoparticles (6 µM) for 6 days. At the end of time point, JC-1
dye was added to the treated spheroids and incubated for 30 min at 37°C. Fluorescent intensity was measured using Guava Flow Cytometer
at the standardized wavelength provided by the manufacturer. Values are shown as mean ± SEM (n = 6). *P < 0.05, **P < 0.01, and
***P < 0.001.
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delivery systems as a promising way to improve the stabil-
ity, solubility, bioavailability, and bioefficacy of EGCG com-
pared to free EGCG [56–58]. One study suggested folate
conjugation for tumor targeting by chitosan-coated EGCG
NPs [56]. The high stability and smaller particle size are
achieved by FA–PEG–NPs that provide higher intracellular
uptake of EGCG than its free counterpart [57]. A folate
peptide decorated PLGA NPs loaded with EGCG reported
to strongly bind folate receptor-specific breast cancer cells
(MDA-MB-231) to inhibit the progress of breast adenocarci-
noma [58]. In an earlier study, Siddiqui et al. [16] reported
a 10-fold dose advantage by PLA–PEG–EGCG NPs that
showed pro-apoptotic and anti-angiogenesis effects in
human PC3 cells.

Lately, the 3D cell culture model has gained attention
in preclinical studies because of the possibility of screening
a large number of different molecules [59]. This method
typically uses an extracellular matrix (ECM) and can mimic
cell-to-cell and cell-to-ECM interactions, including para-
crine signaling [60]. In the 3D cell culture method, the cells
grow in the 3D plane, aggregate, and self-assemble in an
environment that prevents attachment to a flat surface,
resulting in spheroid formation, which is well-established
mimics of in vivo tumors [61]. The 3D tumor spheroids study

model often provides comparable results to animal models
in many aspects [62]. The predictability of 3D spheroids on
in vivo efficacy could resolve the high cost and ethical issues
associated with animal usage. It is well known that the
spheroid growth impacts cell proliferation, apoptosis, and
necrotic/hypoxic core formation, with the outer layermostly
proliferative, the middle layer hypoxic, and the inner core
necrotic [63].

The size of tumors is regarded as a crucial factor in
determining the drug penetration ability as the larger
tumors lead to an increased resistance, which is also
observed in 3D tumor spheroid models [64]. We observed
a dramatic decrease in the spheroid size as a result of
EGCG-targeted NP treatment in 22Rv1 compared to PC3
cell line. Similar results were observed by different
research groups using PLGA/lipid NPs in 3D models
[63,65,66]. In one study, PLGA-modified NP exhibited
increased penetration and distribution in HeLa and
SiHa HD spheroids [63]. Another study reported deep
penetration by PLGA-encapsulated EtNBS NPs into the
hypoxic and acidic cores (usually unresponsive tumor
region) of 3D spheroid of gastrointestinal carcinoma
[65]. One study reported better growth inhibition by ver-
teporfin-encapsulated lipid nanocarriers compared to a

Figure 8: EGCG-targeted nanoparticle induces apoptosis in spheroids. Both 22Rv1 (a) and PC3 (b) were grown on poly-HEMA-coated plates
and treated with either empty targeted nanoparticles or EGCG-targeted nanoparticles (6 µM) for 6 days. At the end of time point, PI dye was
added to the treated spheroids and incubated for 30 min at 37°C. Fluorescent intensity was measured using Guava Flow Cytometer at
standardized wavelength provided by the manufacturer. Values are shown as mean ± SEM (n = 6). *P < 0.05, **P < 0.01, and ***P < 0.001.
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free drug in ovarian spheroid cancer cells [66]. Likewise,
biotin-conjugated pullulan acetate NPs treatment also
showed similar antitumor activity in 3D culture and
xenograft hepatic tumor model [67]. Similar efficacy
and deep tumor penetration with reduced tumor growth
were reported in both SH-SY5Y spheroids and H22
tumor-bearing mice treated with iRGD-conjugated NPs
with doxorubicin [68].

The current study did not observe any induction in
ROS production by EGCG-targeted NP treatment in both
studied cell lines. These results suggest that the observed
antitumorigenic capabilities of EGCG-targeted NPs were
devoid of ROS-mediated mechanism(s). Several studies
also reported the anticancer activity of bioactive mole-
cules by ROS-independent mechanism [69–71]. These
evidence suggest that ROS are not obligator effectors
in the anticancer mechanisms including apoptosis. This
result clearly indicates the better efficacy of EGCG-T-NP
toward 22Rv1 compared to PC3. The current result also
highlights the strong dual binding of EGCG-T-NP with
FOLR1 and PSMA+ in 22Rv1. This was expected because
of the presence of PSMA+ and overexpression of FOLR1
in 22Rv1 cells.Mitochondrialmetabolismhas been reported
to play a critical role in tumorigenesis and cancer develop-
ment [72]. MMP is a key indicator of mitochondrial activity
that reflects the process of electron transport and oxidative
phosphorylation [73]. We observed increased depolariza-
tion and reduced polarization in the mitochondrial mem-
brane potential after the treatment of EGCG-T-NPs in 22Rv1.
The mitochondrial membrane depolarization has been
reported to induce apoptosis [74]. Our results support
earlier findings where increased proton influx leads to
ROS production suppression during spontaneous tran-
sient depolarization [75]. Moreover, uncoupling of mito-
chondrial oxidative phosphorylation could also play a
role in suppressing ROS production [76]. The current
study also reported an increase in the number of dead
apoptotic cells in 22Rv1 spheroids treated with EGCG-
targeted NPs.

6 Conclusion

Overall, our results clearly indicate the successful synthesis
of EGCG-loaded NPs that have the potential to bind FLOR1
and PSMA+ dually. Because of the presence of PSMA+ and
overexpression of FLOR1, 22Rv1 showed better efficacy on
the targeted delivery compared with PC3 cells (PSMA−). We
also observed a significant dose advantage by this EGCG-
loaded NPs, indicating their anticancer potential at

clinically relevant doses. Further, preclinical in vivo
studies are recommended to verify in vitro data.
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