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Multifunctional nanoparticles for targeting the
tumor microenvironment to improve synergistic
drug combinations and cancer treatment effects
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Docetaxel-based chemotherapy for prostate cancer is the clinical standard of care. However, nonspecific
targeting, multiple drug resistance, and adverse side effects are common obstacles. Various natural
compounds, including epigallocatechin-3-gallate (EGCG) in combination with taxane, have the potential to
be developed as anticancer therapeutics. Although synergistic hydrophobic—hydrophilic combination
drugs have been used with some success, the main drawbacks of this approach are poor bioavailability,
unfavorable pharmacokinetics, and low tissue distribution. To improve their synergistic effect and overcome
limitations, we encapsulated EGCG and low-dose docetaxel within TPGS-conjugated hyaluronic acid and
fucoidan-based nanoparticles. This approach might facilitate simultaneous target-specific markers at the
edge and center of the tumor and then might increase intratumoral drug accumulation. Additionally,
the successful release of bioactive combination drugs was regulated by the pH-sensitive nanoparticles and
internalization into prostate cancer cells through CD44 and P-selectin ligand recognition, and the inhibition

Received 14th July 2020, of cell growth via induced G2/M phase cell cycle arrest was observed in in vitro study. In in vivo studies,

Accepted 19th October 2020 treatment with cancer-targeted combination drug-loaded nanoparticles significantly attenuated tumor
growth and increased M30 protein expression without causing organ damage. Overall, the multifunctional

nanoparticle system improved the drugs’ synergistic effect, indicating great potential in its development as a
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Introduction

Prostate cancer is the most commonly diagnosed malignancy and
the third leading cause of cancer-related deaths among men in the
United States.™ Although early stage prostate cancer is generally
treatable, most cases eventually progress to an advanced stage,
castration-resistant prostate cancer (CRPC).> Docetaxel (DTX)-
based chemotherapy is the standard-of-care regimen for CRPC,
but only about 48% of patients respond to DTX, and acquired drug
resistance rapidly develops.® Multi-drug resistance (MDR)
promotes drug efflux through a P-glycoprotein pump, and prostate
cancer cells with increased MDR demonstrate markedly reduced
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intracellular concentrations of DTX.>® P-glycoprotein (P-gp), a
member of the ATP-binding cassette transporter, acts as an efflux
pump for most hydrophobic anticancer drugs, causing MDR
and thus limiting the efficacy of treatment.” Several nonionic
surfactants, including tweens, spans, or pluronic block copolymers
that have been shown to modulate cellular drug transport activity
by inhibiting P-gp efflux pumps, have been used to overcome
MDR.%° p-Alpha-tocopheryl polyethylene glycol 1000 succinate
(TPGS) is a water-soluble succinate ester of vitamin E that is widely
used in the food and drug industries. TPGS and its derivatives have
been shown to prevent P-gp ATPase from hydrolyzing ATP by
blocking its ATP-binding sites, thereby inhibiting its enzymatic
activity.'>'! We prepared TPGS-conjugated hyaluronic acid (TPGS-
g-HA) to interact with membrane-bound CD44 protein and reduce
P-gp expression levels in prostate cancer cells (Fig. 1). HA, which is
composed of repeating disaccharides of (jB,1-4)-glucuronic acid
and (B,1-3)-N-acetyl glucosamine, is a primary binding agent for
the cell surface molecule CD44 through hydrogen bonding and
van der Waals binding interactions. It is overexpressed in a wide
range of solid tumors, including prostate cancer.”>™

DTX is a hydrophobic, semisynthetic taxane drug with
proven efficacy in a variety of solid tumors, including breast

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) The nanoparticles were prepared by adding aqueous EGCG/DTX solution into aqueous TPGS-g-HA/FD/PEG-g-GE solution, and the solutions
were gently stirred for 30 min at 37 °C; (b) schematic representation of the strategy for using EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE

nanoparticles and observing their potential effects on carcinoma cells.

cancer, nonsmall cell lung cancer, and prostate cancer.'®™®

The standard dose of 70-75 mg m~> administered 3 times per
week has been widely used for CRPC, but it has been associated
with significant side effects.'® When administered at the higher
end of this dose range, the majority of the patients develop
hematological toxicity (grade 3-4 neutropenia).>® However,
low-dose weekly DTX displayed comparable oncological effec-
tiveness but with a lower rate of adverse events compared to the
standard dosage for prostate cancer treatment.'® The natural
bioactive ingredient epicatechin-3-gallate (EGCG) displays a
synergistic, additive effect when used in combination with
taxanes in inhibiting cell growth and inducing the apoptosis
of prostate cancer cells.*! However, the in vivo pharmacokinetic
profiles and biodistribution of different drug molecule types may
reduce the synergistic effects. It has been found that the cellular
cytotoxicity of hydrophobic-hydrophilic drug conjugates is signifi-
cantly reduced if the drug conjugates are encapsulated into
nanoparticles.”** The application of nanoparticle systems with
tightly controlled, targeted cell delivery and sustained drug release
properties presents a promising strategy in cancer therapeutics.** >

The full clinical potential of nanomedicine has not been
achieved in part because of the endothelial barrier, which limits
the extravasation of nanoparticles at solid tumor sites.””*® Tumor
vasculature, which is composed of smooth muscle cells, pericytes,
and endothelial cells, is necessary for the growth and support of
tumors.>® P-Selectin, an inflammatory cell adhesion molecule, is
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expressed constitutively on endothelial cells and is responsible
for leukocyte recruitment.’® Fucoidans (FDs) are water-soluble,
branched homo- and hetero-polysaccharides derived from fibrillar
cell walls and intercellular spaces of brown marine algae or
echinoderms and have recently been identified in seagrasses. FDs
can also serve as ligands for either L- or P-selectins, both of
which interact with sulfated oligosaccharides. This interaction
has physiological consequences that could be therapeutically
beneficial.*'** In this study, we developed a tumor-targeted nano-
carrier to combine FD-binding to P-selectin-expressing tumors with
TPGS-g-HA targeting of CD44 protein-expressing tumors to reduce
the level of P-gp, thereby enhancing the drug uptake capacity of
cancer cells, providing synergistic antitumor effects (Fig. 1).

Materials and methods

Preparation of TPGS-conjugated HA (TPGS-g-HA) and
polyethylene-glycol-conjugated gelatin (PEG-g-GE)

The TPGS-g-HA copolymer was prepared by integrating polymers
with active terminal groups. The synthesis procedure was as
follows: 0.2 g of HA was dissolved in 10.0 mL of deionized water,
and 2.0 mL of deionized water containing 0.1 g of TPGS was then
added with continuous stirring at room temperature. Afterward,
dicyclohexylcarbodiimide (0.2 mmol) and 4-dimethylaminopyridine
(0.2 mmol) were dissolved in 5.0 mL acetonitrile, and 1.0 mL of
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triethanolamine was added to the mixture of aqueous TPGS/
HA and stirred for 24 h at room temperature under a nitrogen
atmosphere. To remove the unconjugated reagents, the
sample was dialyzed in 5.0 L deionized water, which was
replaced 5 times per day. The resultant TPGS-g-HA was
lyophilized in a freeze dryer.

The PEG-conjugated gelatin (PEG-g-GE) was synthesized
essentially as described in our previous study. Briefly, 2.0 g of
gelatin was dissolved in 20.0 mL dimethyl sulfoxide, and 0.6 g of
methoxypolyethylene glycol succinimidyl ester (nPEG-NHS) was
added to this solution with even stirring for 4.0 h. The samples
were dialyzed in the dark against deionized water, which was
replaced five times per day to remove unconjugated mPEG-NHS.
The degree of grafting density on TPGS-g-HA was determined by
nuclear magnetic resonance spectroscopy (NMR), and the quality
of the purified TPGS-g-HA was confirmed by Fourier-transform
infrared spectroscopy (FTIR) analysis.

Characterization of EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE
nanoparticles

We developed nanoparticles composed of TPGS-g-HA/FD com-
plexes with PEG-g-GE containing encapsulated EGCG and DTX.
First, EGCG-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles were
established, and the proportions and concentrations of TPGS-g-
HA/FD were optimized. A series of TPGS-g-HA/FD aqueous mixed
solutions (2.40:2.40, 4.80: 4.80, 7.20: 7.20, and 9.60: 9.60 mg mL™ Y
0.50 mL) were added into a PEG-g-GE aqueous solution in
deionized water (15.00 mg mL™%; 0.50 mL), and then, the
solutions were gently shaken for 30 min at 37 °C. Afterward,
the EGCG aqueous solution (4.00 mg mL™%; 1.00 mL) was
separately added to 1.0 mL of the aqueous TPGS-g-HA/FD/
PEG-g-GE mixed solutions under stirring for 30 min at 37 °C
to form nanoparticles of TPGS-g-HA/FD/PEG-g-GE/EGCG with pro-
portions of 0.60:0.60:3.75:2.00, 1.20:1.20:3.75:2.00, 1.80:1.80:
3.75:2.00, and 2.40:2.40:3.750:2.00 mg mL™". After centrifu-
gation, the particle size, polydispersity index, and zeta potentials
were measured using a Zetasizer instrument.

Subsequently, water-insoluble DTX was encapsulated in
these nanoparticles. First, the proportions of EGCG/DTX were
optimized for EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE
nanoparticles. DTX dissolved in 99% ethanol (0.80, 1.60, 3.20,
and 4.80 mg mL™"; 0.125 mL) was mixed with deionized water
(0.375 mL) and then added to the EGCG solution (8.00 mg mL ™"
0.500 mL) to form EGCG/DTX aqueous mixed solutions
(4.00:0.10, 4.00:0.20, 4.00:0.40, and 4.00:0.60 mg mL ™%
1.00 mL). The EGCG/DTX solutions (1.00 mL) were added to
the TPGS-g-HA/FD/PEG-g-GE in deionized water (1.00 mL) and
stirred at 37 °C for 30 min. After centrifugation, the size
distribution and compositions of the resultant nanoparticles
were evaluated with Zetasizer instrument analysis. Additionally,
the amount of free EGCG or DTX in the supernatant was
detected, and the drug-loading efficiency of the nanoparticles
was calculated using a high-performance liquid chromato-
graphy (HPLC) system connected to a reversed-phase C18
column and equipped with a UV detector at 230 nm.

10418 | J. Mater. Chem. B, 2020, 8,10416-10427

View Article Online

Paper

Evaluating pH sensitivity and drug release profiles in EGCG/
DTX-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles

The pH sensitivity of the nanoparticles in the distinct pH
environments was assessed by measuring the release of EGCG
and DTX using HPLC. The nanopatrticle solutions (2.0 mg mL )
were dialyzed against 10.0 mL of buffer at each pH value and
placed into a dialysis bag. Buffers with pH values of 5.0 (10.0 mM
acetic acid/sodium acetate), 6.5, and 7.4 (10.0 mM phosphate
buffered saline; PBS) were chosen to simulate the environments
of endosomal compartments, tumor tissues, and physiological
fluids, respectively. The release solution was removed at certain
intervals for analysis, and the equivalent volume of fresh buffer
was added to prevent drug saturation. The amount of each drug
released was confirmed using a standard calibration curve and
repeated five times under each condition. Meanwhile, the nano-
particle suspension at each pH value was placed onto a mesh
copper grid and positively stained with osmium tetroxide, and
the morphology was then observed by transmission electron
microscopy (TEM).

Estimating the anticancer effect in vitro and the combination
index assay

The human prostate cancer PC3 cells (ATCC® CRL1435™) used in
the cell toxicity study were grown in Roswell Park Memorial
Institute 1640 medium supplemented with 10% fetal bovine
serum in a humidified atmosphere enriched with 5% CO, at
37 °C. In a cell viability study, PC3 cells (1.0 x 10 cells per well)
were seeded into 96-well plates and allowed to adhere for 24 h.
The growth medium was substituted by PBS with fetal bovine
serum solution containing different concentrations of dissolved
EGCG (ranging from 0 to 100 mg L™ '), DTX solution (ranging
from 0 to 40 mg L"), EGCG/DTX combination solution (ranging
from 0/0 to 100/20 mg L"), or EGCG/DTX-loaded nanoparticles
(EGCG/DTX ranging from 0/0 to 60/12 mg L™ '). These solutions
were added to the cells for 2 h and then replaced with a fresh cell
medium for an additional 22 h, and cell growth was assessed
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. We also evaluated the combined beneficial
effect of EGCG and DTX on cancer cell viability using the
Chou-Talalay method.*> The combination index (CI) of test
agents was calculated using the formula CI = Dg/D,g + Dy/Dyr,
where Dy and Dy are the concentrations of EGCG and DTX used in
the combined treatment to achieve x% drug effect, respectively.*®
D,x and D,y represented the concentrations of single agents to
achieve x% drug effect. CI < 1.0, CI = 1.0, and CI > 1.0 indicate,
respectively, the synergistic effects, additive effects, and antago-
nistic effects of the combined agents.*”*® In our experiments, the
relationship between drug concentration and decreased cell
viability (IC;¢-50) was calculated, and an isobologram and a CI-Fa
plot are presented. Additionally, changes in cell morphology
induced by EGCG/DTX combination solution or EGCG/DTX-
loaded nanoparticles (EGCG/DTX concentration 5.0/1.0 and
10.0/2.0 mg L™') and control samples were analyzed using an
inverted microscope under phase-contrast illumination (4x and
10x objective).

This journal is © The Royal Society of Chemistry 2020
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Cellular distribution of complexes and immunofluorescence
staining contained within fluorescent nanoparticles observed
by confocal microscopy

To observe the interaction of the prepared nanoparticles on cell
surface protein expression, 2 x 10 cells per mL were cultured
on glass coverslips at 37 °C for 24 h. Additionally, a fluorescent-
dye-labeled polymer was synthesized in reactions between the
amine groups of fluorescent dyes (FA or Rh6G) and the
carboxylic acid groups of TPGS-g-HA or FD to form FA-TPGS-
g-HA or Rh6G-FD. The fluorescent FA or Rh6G dyes (1 mg) were
completely dissolved in 1 mL acetonitrile and added to the
aqueous TPGS-g-FA or FD solution (50 mg/10 mL in deionized
water). Then, 1-(3-(dimethylaminopropyl)-3-ethylcarbodiimide)
hydrochloride (1 mg) was added to the resultant mixtures under
stirring at 4 °C. To remove unconjugated fluorescent dyes, the
products were dialyzed against deionized water until no fluores-
cence was detected in the supernatant and then freeze-dried to
form a powder. The fluorescent nanoparticles were produced
according to the procedure described above. Afterward, the pre-
pared fluorescent EGCG/DTX-loaded FA-TPGS-g-HA/Rh6G-FD/
Cy5-PEG-g-GE nanoparticles were exposed to cells for 2 h,
which were then were fixed in 3.7% paraformaldehyde and
4’ 6-diamidino-2-phenylindole (DAPI) to stain the nuclei. Stained
cells were observed by confocal laser scanning microscopy (CLSM)
with excitation wavelengths of 340, 488, 525, and 633 nm.

Meanwhile, the EGCG/DTX-loaded FA-TPGS-g-HA/Rh6G-FD/
PEG-g-GE nanoparticle-treated cells were fixed in 1.0% para-
formaldehyde and stained for CD44 and P-selectin for immuno-
fluorescence experiments. The fixed cells were blocked in 1%
BSA in PBST for 60 min and then treated with a mixture of
2 primary antibodies (mouse anti-CD44 antibody and rabbit
anti-P-selectin antibody) overnight at 4 °C. After 3 PBS washes,
they were incubated in a mixture of donkey anti-mouse CF™
594 or anti-rabbit CF™ 633-conjugated secondary antibodies for
1 h at room temperature in the dark and then uniformly
mounted on slides and examined using CLSM.

To observe the cellular distribution of the combination-drugs-
loaded nanopatrticles, fluorescent Rh6G-conjugated EGCG (Rh6G-
EGCG) was synthesized as described previously.*® Additionally, the
fluorescent polymer cyanine 5 hydrazide-labeled DTX (Cy5-DTX),
synthesized as Cy5 hydrazide in solution, was added to the DTX
solution gradually with continuous stirring at 4 °C in the dark for
12 h. To remove the unconjugated fluorescent dye, the Cy5-DTX
was freeze-dried, and deionized water was added to precipitate the
Cy5 dye, which was separated by centrifugation. The precipitation
procedure was repeated three times until no fluorescent dye
precipitate was observed. The Cy5-DTX solution was lyophilized
with a freeze dryer. Afterward, cells were seeded onto glass cover-
slips at 3 x 10° cells cm™~> and incubated for 24 h. Fluorescent
Rh6G-EGCG/Cy5-DTX-loaded FA-, HA-, or TPGS-g-HA/FD/PEG-g-
GE nanoparticles were added to the cells for 2 h and then replaced
with a fresh cell medium for an additional 22 h. After 3 PBS
washes, the cells were fixed in 3.7% paraformaldehyde, and the
nuclei were stained with DAPI. Stained cells were observed using
CLSM with excitation wavelengths of 340, 488, 525, and 633 nm.

This journal is © The Royal Society of Chemistry 2020
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Detection of cell cycle arrest by flow cytometry

To evaluate the effect of each drug combination on cell cycle
progression, cells were incubated with EGCG/DTX-loaded TPGS-
g-HA/FD/PEG-g-GE nanoparticle samples (EGCG/DTX concen-
tration 0.0:0.0, 5.0:1.0, 10.0:2.0, and 20.0:4.0 mg L") for
2 h, washed twice in PBS, incubate in a conditioned medium,
and prepared for flow cytometry. For cell cycle analysis, treated
cells were harvested by centrifugation, washed with PBS, fixed
with cold ethanol at 4 °C overnight, incubated with propidium
iodide solution (0.01 mL at 1.00 mg mL ') in the dark for 0.5 h at
4 °C, and analyzed using a FACS Calibur flow cytometer. Data
were collected from 1.0 x 10" cells per sample and analyzed
using Cell Quest software WinMDI. All samples were examined
in triplicate from three independent experiments.

Evaluation of the antitumor activity and histological
examinations in vivo

The animal care and use protocols complied with the 1996
revision of the Guide for the Care and Use of Laboratory Animals
prepared by the Institute of Laboratory Animal Resources.
Six-week-old male severe combined immunodeficient mice
(SCID) weighing 30 g were obtained from the National Labo-
ratory Animal Center and housed in the Laboratory Animal
Center at Yang-Ming University. All animal experiments were
approved by National Yang-Ming University Institutional Animal
Care and Use Committee and were carried out in accordance
with the approved guidelines. The xenograft prostate tumor
model was established using subcutaneously implanted PC3
cells (1 x 107/100 pL), and then treatments were initiated when
tumors reached a volume of 50 mm® (defined as day 0). Mice were
randomly divided into four groups of six for tail vein injection of
normal saline solution (control), TPGS-g-HA/FD/PEG-g-GE solution,
or15.0mgkg ' EGCG/3.0mgkg ' DTX in the form of either EGCG/
DTX combination solution or EGCG/DTX-loaded TPGS-g-HA/FD/
PEG-g-GE nanoparticles every 3 days. Changes in prostate tumor
volume and body weight were recorded. One day after the final
observation, the mice were sacrificed, and organ tissues were
removed for histological examination by hematoxylin-eosin
(H&E) staining or immunohistochemical staining. Briefly, paraffin-
embedded tissue sections were dewaxed and rehydrated by immer-
sing the tissue in series concentrations of ethanol and xylene. After
blocking with bovine serum albumin, sections were stained with
M30 CytoDeath (Peviva, United States) and Ki67 (Thermo Fisher
Scientific, United States) primary antibodies and then probed with
secondary peroxidase antibodies. The expression distribution of
the M30 apoptosis marker and Ki67 proliferation marker and the
tissue inflammatory reactions were observed at different magnifi-
cations under light microscopy.

Statistical analysis

Statistical analyses to quantify the differences in the measured
properties between groups were performed with one-way
analysis of variance and the determination of confidence
intervals using the statistical package Statistical Analysis
System, version 6.08 (SAS Institute Inc., United States). All
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Fig. 2 (a) Nuclear magnetic resonance spectroscopy analyses of TPGS, HA, and TPGS-g-HA; (b) Fourier transform infrared analyses of TPGS, HA, and

TPGS-g-HA.

data are presented as means and standard deviations, denoted
as “mean + SD.” A p value less than 0.05 was considered to be
statistically significant.

Results

Preparation and characterization of TPGS-g-HA

In the spectrum of TPGS, the signal observed at ¢ 0.88 ppm for the
methyl protons of the long-chain alkyl group and ¢ 2.68-2.82 ppm
belongs to -CH,CH, part of succinyl group of TPGS. Furthermore,
HA, the methyl (-CH;) protons of the N-acetyl group showed a
signal at § 2.04 ppm. The broad signal between ¢ 3.36 to 3.94 ppm
corresponds to the signals of the protons in the sugar rings-
because these signals were superimposed, it is difficult to assign
each proton individually. The characteristic signal at around
0 4.50 ppm belongs to two anomeric protons attached to the
carbons adjacent to the two oxygen atoms. The synthesized TPGS-
g-HA copolymer exhibited a combination of the methyl protons of
the long-chain alkyl group in TPGS and the N-acetyl group in HA,
showing signals at 6 0.88 and 2.04 ppm, respectively (Fig. 2a).
The graft degrees of TPGS conjugated HA by "H NMR results was
59.59%. The TPGS has an average molecular weight of 1513 and an
amphiphilic structure of lipophilic alkyl tail and hydrophilic polar
head; the PEG 1000 portion of the molecule is water soluble, while
the alpha-tocopherol portion is fat soluble. The chemical structure
of TPGS-g-HA was characterized using FTIR (Fig. 2b), and showed
characteristic peaks at 1367 em™ " and 2885 cm ™" corresponding

with —CH, group of PEG and -CH stretching band on TPGS, and a
peak at 1415 and 1633 cm ' reflecting contributions of C-O
symmetric and C—0 asymmetric stretching, corresponding to
carboxyl groups on HA. These results indicate that TPGS was
bound to HA during preparation of the conjugate.

Characterization of EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-
GE nanoparticles and drug release profiles

To establish nanoparticles encapsulated with a combination of
EGCG and DTX drugs, first, the optimum material TPGS-g-HA/FD
composition ratio was determined in preparing EGCG-loaded
nanoparticles, then the second drug DTX concentration was
adjusted for incorporation in EGCG/DTX-loaded nanoparticles.
Table 1 shows that the weight proportion of TPGS-g-HA and FD
affected their particle size distribution, zeta potential values, and
EGCG loading efficiency. The TPGS-g-HA:FD:PEG-g-GE:EGCG
composition of 1.20:1.20:3.75:2.00 showed the least particle
size (189.96 + 7.98 nm), acceptable zeta potential value
(—25.22 + 1.74 mV), and an EGCG loading efficiency of
49.16% =+ 2.41%. Although EGCG loading efficiency ability was
maintained as the concentration of TPGS-g-HA/FD increased, the
average particle size became larger and showed poor polydispersity
index results. To further load DTX into the nanoparticles, the
non-ionic surfactant TPGS was used to improve the lipid-soluble
drug encapsulation efficiency.

As shown in Table 2, at various drug aqueous EGCG:DTX ratios,
the mean particle sizes and zeta potentials were 189.96 + 7.98 nm

Table 1 Effect of different TPGS-g-HA/FD proportions on particle sizes, zeta potential values, polydispersity indices and loading efficiency of the

prepared EGCG-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles (n = 5)

PEG-g-GE at 3.75 mg mL™'; EGCG at 2.00 mg mL "

TPGS-g-HA: FD (mg mL ™) Mean particle size (nm)

Polydispersity indices

Zeta potential value (mV) Loading efficiency (%)

0.60:0.60 197.58 + 18.67 0.36 £ 0.10 —21.96 £ 1.75 40.38 + 9.56
1.20:1.20 189.96 + 7.98 0.21 £ 0.03 —25.22 £1.74 49.16 + 2.41
1.80:1.80 225.90 £ 25.81 0.28 £ 0.02 —26.94 £ 3.24 56.47 £+ 3.19
2.40:2.40 286.28 + 28.74 0.36 £ 0.15 —28.16 £ 3.56 65.76 + 4.11
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Table 2 Effect of varying DTX concentration on EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticle size, polydispersity index, zeta potential,

and drug-loading efficiency (n = 5)

Loading

. . . . efficiency (% Loading capability (%
EGCG:DTX Mean particle Polydispersity Zeta potential y (%) £ cap & (%)
(mg mL™) size (nm) indices value (mV) EGCG DTX EGCG DTX
2.00:0.00 189.96 + 7.98 0.21 + 0.03 —25.22 £1.74 49.16 + 2.41 ND 27.23 £ 2.85 ND
2.00:0.05 195.34 + 8.85 0.18 + 0.06 —25.84 £ 2.32 46.47 + 2.94 43.90 + 11.24 25.96 + 1.96 0.60 + 0.13
2.00:0.10 201.26 £ 7.67 0.21 £ 0.03 —26.80 £ 2.43 45.79 + 5.06 64.65 * 3.66 25.59 + 3.49 1.89 £ 0.11
2.00:0.20 205.48 + 8.52 0.22 £ 0.04 —27.64 £ 1.66 43.39 £+ 2.89 85.86 + 2.62 24.09 £+ 1.38 4.76 £ 0.15
2.00:0.30 238.98 + 11.41 0.35 + 0.06 —27.42 £ 0.65 40.85 + 5.11 90.11 £+ 0.91 22.34 £+ 3.07 7.32 + 0.09

t0 238.98 4+ 11.41 nm and —25.22 4+ 1.74 mV to —27.42 + 0.65 mV,
as measured by a dynamic light scattering analyzer. With an
EGCG:DTX concentration ratio of 2.00:0.20 mg mL™', nano-
particles showed narrower distributions (polydispersity index
0.22 £ 0.04) and percentage drug loading efficiencies of
43.39% =+ 2.89% for EGCG and 85.86% =+ 2.62% for DTX, and
these were used for the following experiments.

Next, to evaluate the pH-stability and drug releasing profile of
the nanoparticles, the morphology and EGCG/DTX release ratios
of EGCG/DTX-loaded nanoparticles were determined using
HPLC and TEM (Fig. 3). At pH 7.4 and 6.5 buffer (simulating
PH levels of the circulatory system or normal tissues and tumor
tissues), their morphologies appeared as stable spherical shapes
in the matrix structure (similar in deionized water), and the
percentages of drug released from nanoparticles after 3 h
incubation were 5.62% =+ 2.53% (EGCG) or 4.23% =+ 0.78%
(DTX) at pH 7.4 and 8.41% =+ 3.12% (EGCG) or 3.72% =+
0.84% (DTX) at pH 6.5. In contrast, at pH 5.0 buffer (simulating
the endosomal compartment of tumor cells), -COO™ groups
were partially protonated in HA, affecting the electrostatic nega-
tive repulsion between nanoparticles, and leading to destabiliza-
tion of the nanoparticle structural conformations. Drug release
proportions were significantly increased from 17.54% =+ 1.38%
(EGCG) or 22.62% =+ 0.28% (DTX) at 3 h, accumulating to
37.33% + 1.33% (EGCG) or 43.75 + 7.42% (DTX) within 24 h.

Estimating the anticancer effects and combination index assay
of EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles

To estimate potential inhibitory effects of the drugs EGCG or
DTX in isolation and the synergistic effects of EGCG/DTX in
combination, EGCG/DTX-loaded nanoparticles treatments on
prostate cancer cell viability were assessed. Both EGCG and
DTX shown dose-response effects and significantly influenced
the cell growth at high a drug concentration of 100 mg L™ " of
EGCG and 20 mg L' of DTX, the cell viabilities decreased to
48.24% + 7.29% and 56.95% =+ 6.33%, respectively (Fig. 4a).
In addition, the CI values versus fraction affected (Fa) plot and
the isobologram were presented in Fig. 4b. The EGCG/DTX
treatment presented the potent synergistic effects on viabilities
with the CI values of 0.24, 0.27, 0.50, and 0.96 for IC;,, 1C,,
IC39, and ICy, respectively. We also found that the EGCG/
DTX-loaded nanoparticles treatments shown better the syner-
gistic anti-proliferation effects with CI values of 0.13 to 0.20 at
IC; to IC5, compared with only EGCG/DTX combination solu-
tions. And the treatment half maximal inhibitory concentration
(ICso) for EGCG/DTX-loaded nanoparticles was 10.0/2.0 mg L™ *,
which was 1/10 times of the concentration for EGCG/DTX
combination solution (100/20.0 mg L™ "). This reveals that the
cancer-targeted EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE
nanoparticles treatment had greater benefits than the combi-
nation drug treatment (Fig. 4a). Meanwhile, EGCG/DTX-loaded
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Fig. 3

(a) In vitro EGCG and DTX release profiles from EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles in buffers with different pH values at

37 °C; (b) transmission electron microscopy micrographs from EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles in buffers with different pH

values at 37 °C.
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Fig. 4 (a) Dose-response treatment of EGCG, DTX, EGCG/DTX combination solution, and EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles
was performed for 2 h and cell viabilities were detected at 24 h. Data represent mean + SD. * p value <0.05, ** p value < 0.01 compared with the control
group; (b) Cl-Fa plot. CI < 1.0 indicates synergistic effects. Sobologram, Dg and Dt were the concentrations of EGCG and DTX used in the combined
treatment to achieve x% drug effect. D¢ and D,t were the concentrations for single agents to achieve x% drug effect. Dots below the slanted line indicate
synergistic effects. Cl: combination index. Fa: fraction affected; (c) cell morphology of PC3 cells after treatment with TPGS-g-HA/FD/PEG-g-GE
solutions, EGCG/DTX combination solution, and EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles.

nanoparticles could reduce significantly cell number and induced
morphological changes from spindle to irregular forms after 24 h,
which compared with only EGCG/DTX combination solution
(Fig. 4c).

Cellular distribution and association of nanoparticle complexes
observed in PC3 cells

The distribution of fluorescent nanoparticles in PC3 cells was
detected via CLSM analysis. After 2 h of incubation with
the EGCCG/DTX-loaded fluorescent FA-TPGS-g-HA/Rh6G-FD/
Cy5-PEG-g-GE nanoparticles, intense fluorescence signals that
co-localized and remained intact when internalized into
the cytoplasm were observed (as indicated by superimposed

10422 | J Mater. Chem. B, 2020, 8,10416-10427

red/green/purple spots, i.e., white arrows) (Fig. 5a). Herein, it
was also observed by confocal laser scanning microscopy that
fluorescence signals [FA-TPGS-g-HA (green) and Rh6G-FD (red)]
of FA-TPGS-g-HA/Rh6G-FD/PEG-g-GE were in the intercellular
spaces and cytoplasm, then they co-localized and interacted
with cell surface CD44 (orange spot) and P-selectin (purple
spot) in PC3 prostate cancer cells (red or blue arrows indicate
superimposed green/orange or red/purple spots) (Fig. 5b).
Meanwhile, subsequent fluorescence signals emitted by
Rh6G-EGCCG/Cy5-DTX-loaded different FA-HA or TPGS-g-HA/
FD/PEG-g-GE nanoparticles (Rh6G-EGCCG: red spot; Cy5-DTX:
purple spot; FA-HA or TPGS-g-HA: green spot, i.e., white arrows)
were all in contact with PC3 cells after 2 h of incubation time.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Confocal images of prostate cancer cells showing the cellular
distribution of the nanoparticle preparations. (a) Treatment with EGCG/
DTX-loaded FA-TPGS-g-HA/Rh6G-FD/Cy5-PEG-g-GE  nanoparticles;
(b) immunofluorescence staining of CD44 and P-selectin proteins in
PC3 cancer cells incubated with EGCG/DTX-loaded FA-TPGS-g-HA/
Rh6G-FD/PEG-g-GE nanoparticles; (c) intake of Rh6G-EGCCG/Cy5-
DTX-loaded different FA-HA or TPGS-g-HA/FD/PEG-g-GE nanoparticles
was observed after treatment different times.

After removing nanoparticles and continuing incubation for 22 h,
the yellow spots in the superimposed images started to disappear
in the cytoplasm and perinuclear space, indicating that the nano-
particles in the cellular spaces were no longer intact (Fig. 5c).
Specifically, the fluorescence intensity of combination drugs
(Rh6G-EGCCG/Cy5-DTX)-loaded TPGS-g-HA/FD/PEG-g-GE nano-
particles observed at intercellular spaces remained significantly
expressed (i.e.,, Rh6G-EGCCG: red spot; Cy5-DTX: purple spot)
compared with HA/FD/PEG-g-GE nanoparticles, indicating that
the nanoparticles with TPGS-g-HA inhibit the P-gp efflux pumps
and thus increase the intracellular drug accumulation (Fig. 1).

Evaluation of cell cycle arrest following EGCG/DTX-loaded
TPGS-g-HA/FD/PEG-g-GE nanoparticle treatment

To determine whether exposure of prostate cancer cells to
EGCG/DTX-loaded nanoparticles induced cell cycle arrest, we

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The proportions of cells in the GO/G1, S, and G2/M phases was
analyzed using flow cytometry after treatment with EGCG/DTX-loaded
TPGS-g-HA/FD/PEG-g-GE nanoparticles for different incubation times.

performed propidium iodide staining and examined cell cycle
distributions (Fig. 6). We found that treatment of cells with
EGCG/DTX-loaded nanoparticles for 2 h induced more cells
arrested in G2/M phase (28.65% =+ 1.32%, 34.52% =+ 4.84%,
35.16% =+ 3.65%, and 37.56% =+ 3.70%) in a dose-dependent
manner. Meanwhile, flow cytometry analysis revealed that PC3
cells treated with EGCG/DTX-loaded nanoparticles exhibited a
significantly decreased percentage of cells in GO/G1 phase with
increasing incubation times, whereas the G2/M phase propor-
tions showed significant increases of 2.4-fold (from 28.61% =+
1.42% to 69.52% =+ 1.93%) and 3.2-fold (from 27.21% + 1.92%
to 87.54% =+ 1.55%) after 12 and 24 h of total incubation times,
respectively. These results indicated that, following exposure,
cells were impeded in their cycle progression and accumulated
in the G2/M phase in a drug dose/incubation time-dependent
manner.

Evaluation of nanoparticle antitumor activity in a mouse model

To investigate antitumor activity and drug-specific delivery of
our prepared nanoparticles in vivo, we used prostate carcinoma
xenograft models. We measured tumor volumes and body
weights for 18 days after injection of normal saline solution
(control group), TPGS-g-HA/FD/PEG-g-GE solution, EGCG/DTX
combination solution, or EGCG/DTX-loaded TPGS-g-HA/FD/
PEG-g-GE nanoparticles (Fig. 7). In the control and TPGS-g-
HA/FD/PEG-g-GE solution groups, prostate tumor volume
increased significantly over time, while growth was delayed
only slightly by injection of EGCG/DTX solution. However, the
proportion of tumor volume was significantly reduced with
EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE  nanoparticles
compared to the EGCG/DTX combination solution-injected
group (1.32 £ 0.16- and 1.93 + 0.17-fold increases). There was
no difference in body weight loss between mice treated
with EGCG/DTX-loaded nanoparticles and control groups.
We also found that tumor weight in the mice that received
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EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE nanoparticles was
significantly lower than that of the normal saline or TPGS-g-HA/
FD/PEG-g-GE solutions treatments (p < 0.05). Further, we
found 31.46 to 52.84% of tumor weight inhibition in the mice
that received EGCG/DTX solution or EGCG/DTX-loaded nano-
particles compared with the normal saline solution group.
After sacrificing the experimental mice, prostate tumor and
other organ biopsies were subjected to histological examina-
tion with hematoxylin and eosin staining (Fig. 8). Tumor
sections from saline solution or TPGS-g-HA/FD/PEG-g-GE
solution-treated animals had more abundant granular eosino-
philic cell infiltration (black arrows) compared with those in
mice treated with EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE
nanoparticles. Importantly, the degree of tumor necrosis
increased in the EGCG/DTX-loaded nanoparticles group when
compared with the normal saline group, and showed tissue grade
2 necrosis phenomena (necrosis or disappearance of tumor cells
more than 2/3; right of black line) (Fig. 8a). Furthermore, immu-
nohistochemical analyses showed increased cell apoptosis of M30
protein expression and diminished expression of cell proliferation
Ki67 protein in tumors after treatment with EGCG/DTX-loaded
TPGS-g-HA/FD/PEG-g-GE nanoparticles (coffee dots, Fig. 8b).

10424 | J. Mater. Chem. B, 2020, 8,10416-10427

These observations indicate that the targeted nanoparticles
induced cancer cells apoptosis, leading to significantly increased
antitumor activity and tumor necrosis. Importantly, since safety is
crucial for drug development, our histological examination for
safety verification showed that EGCG/DTX-loaded nanoparticles
did not cause any damage to the major organs including heart,
liver, spleen, lung, and kidney, compared to healthy mice (Fig. 8c).

Discussion

Those prostate carcinoma cells that aberrantly express CD44
promote prostate cancer growth and enhance metastatic
potential, as shown in xenograft models.’® CD62P (P-selectin)
is a Ca**-dependent endogenous lectin that can be expressed
by vascular endothelium and platelets.”” The expression of
P-selectin is up-regulated in many human tumor cells and
active blood vessels, including the tumor vasculature, whereas
normal tissues exhibit little expression.’> Meanwhile, P-selectin
has been reported to bind CD44 and facilitate capture of cancer
cells and leukocytes on the vascular endothelial cells.*> We
used immunohistochemical double staining to confirm both

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Histological analyses of prostate tumor biopsy after treatment with
normal saline solution, TPGS-g-HA/FD/PEG-g-GE solution, EGCG/DTX
combination solution, or EGCG/DTX-loaded TPGS-g-HA/FD/PEG-g-GE
nanoparticles; (b) immunohistochemical analyses of M30 (apoptosis marker)
and Ki67 (proliferation marker) of prostate tumor biopsy after treatment with
TPGS-g-HA/FD/PEG-g-GE solution or EGCG/DTX-loaded TPGS-g-HA/FD/
PEG-g-GE nanoparticles; (c) histological analyses of organs for prostate
tumor-bearing mice after treatment with EGCG/DTX-loaded TPGS-g-HA/
FD/PEG-g-GE nanoparticles, compared to healthy mice.
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CD44 and P-selectin expression in prostate tumor tissue. As
shown in Fig. 1, CD44 or P-selectin were significantly expressed
in tumors, both at edges and in centers. Moreover, after
incubation with targeted fluorescent nanoparticles (EGCG/
DTX-loaded FA-TPGS-g-HA/Rh6G-FD/PEG-g-GE), we observed
significant co-localization and interaction with cell surface of
FA-TPGS-g-HA binding CD44 (green/orange spot; red arrows)
and Rh6G-FD binding P-selectin (red/purple spot; blue arrows)
in PC3 cells (Fig. 5b). This result supports previous work by
Stefanick et al. showing that refined dual-receptor-targeted
liposomes can achieve selectivity in targeting cancers, while
still improving cellular uptake over traditional single-receptor-
targeted approaches.**

The DTX is the primary chemotherapy in the treatment of
prostate cancer. However, its clinical efficacy remains unsatis-
factory, due to the problems of drug resistance and cytotoxicity
to normal cells.*” To improve the effects of chemotherapies and
decrease drug-induced toxicity, many bioactive agents have
been used alone or as adjuncts to standard chemotherapies.*®
One among these has been green tea, which is derived from the
leaves of Camellia sinensis, and has been implicated in a wide
range of health benefits due to its diverse biological and
pharmacological activities.*” The major bioactive components
of green tea polyphenols include (—)-epigallocatechin (EGC),
(—)-epigallocatechin-3-gallate (EGCG), (—)-epicatechin (EC),
and (—)-epicatechin-3-gallate (ECG), with EGCG as the main
component.*® Previous studies have shown that the anticancer
potency of green tea is also limited under physiological
conditions, and is metabolized or degraded via interactions
with hydroxyl groups on its phenol rings.*® However, improved
tumor uptake and localization of compounds can be achieved
using nanoparticles, which have been generated to target
tumors and increase the bioavailability of various drugs.>®
Studies suggest that EGCG can synergistically inhibit cancer
cells in vitro and in vivo when combined with other dietary agents
(such as quercetin) or chemotherapeutic agents (such as
DTX).>"”? In our study, we found that this nanoparticle improved
simultaneous release and co-delivery of EGCG and DTX to the
targeted site, enhancing the synergistic effects. Further, we show
that the anticancer synergistic efficacy of EGCG/DTX-loaded
nanoparticles was better than that of EGCG/DTX combination
solution in decreasing cell viability in vitro, and in inhibiting
tumor growth and proliferation in vivo (Fig. 4 and 7).

Drug resistance is the foremost threat in the current era of
cancer treatment. Resistance to cytotoxic drugs occurs not only
to those used in therapy, but often to structurally and function-
ally unrelated classes of anticancer drugs. This type of resistance
is called MDR, and is frequently associated with overexpression
of the mdrl gene, which encodes a 170-kilodalton transmem-
brane P-gp.>* The P-gp is a phosphoglycoprotein and acts as an
unrestrained energy-dependent efflux pump which decreases net
intracellular drug accumulation.®® Cao et al. used TPGS to
inhibit P-gp-mediated MDR and increase the intravenous injec-
tion bioavailability of doxorubicin drugs.>® TPGS, an amphi-
philic structure containing a hydrophilic polar head portion
and a lipophilic alkyl tail, can be functionalized as an excellent
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solubilizer, emulsifier, permeation, and bioavailability enhancer
of hydrophobic drugs.”®*” In the present study, we investigated
the effects of TPGS on the hydrophilic-lipophilic balance
(HLB ratio, 13.2) and the formation of TPGS-g-HA/FD/PEG-g-GE
nanoparticles loaded with EGCG and DTX. The prepared nano-
particles showed a narrow particle size distribution (particle size
205.48 + 8.52 nm and polydispersity index 0.22 £ 0.04) (Table 2).
When the nanoparticles were incubated with cells for 2 h and the
culture medium was removed and replaced for an additional
22 h, we noted a significant expression of drugs [red (Rh6G-
EGCCG)/purple (Cy5-DTX)] in the perinuclear space and cell
nuclei, indicating that the nanoparticles with TPGS-g-HA could
increase intracellular drug accumulation (Fig. 5¢). In vivo studies
confirmed that EGCG/DTX-loaded nanoparticle treatment inhib-
ited 53% of prostate tumor growth compared with the control
group, which was much better than the inhibitory efficacy of
EGCG/DTX combination solution treatment (31% inhibition),
and diminished expression of the proliferation marker protein
Ki67 (Fig. 8b). Hence, our results verified that EGCG/DTX-loaded
nanoparticles can successfully target prostate tumors in mice, and
can enhance the synergistic efficacy of EGCG/DTX cancer therapy.

Conclusions

The present study indicated that TPGS-g-HA and FD-based nano-
particles with increasing hydrophobic-hydrophilic combination
drugs internalize into cancer cells through CD44 and P-selectin
ligand recognition, leading to significant enhancement of anti-
prostate tumor activity. The multifunctional nanoparticle system
we describe has the potential to provide a delivery system for
improving the synergistic effects of drugs and activity targeting
techniques that will facilitate novel clinical trials.
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