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EGCG/gelatin-doxorubicin gold
nanoparticles enhance therapeutic
efficacy of doxorubicin for prostate cancer
treatment

Aim: Development of epigallocatechin gallate (EGCG) and gelatin-doxorubicin
conjugate (GLT-DOX)-coated gold nanoparticles (DOX-GLT/EGCG AuNPs) for
fluorescence imaging and inhibition of prostate cancer cell growth. Materials &
methods: AuNPs alternatively coated with EGCG and DOX-GLT conjugates were
prepared by a layer-by-layer assembly method. The physicochemical properties of
the AuNPs and the effect of Laminin 67R receptor-mediated endocytosis on the
anticancer efficacy of the AuNPs were examined. Results: The AuNPs significantly
inhibit the proliferation of PC-3 cancer cell and the enzyme-responsive intracellular
release of DOX could be tracked by monitoring the recovery of the fluorescence signal
of DOX. Conclusion: Laminin 67R receptor-mediated delivery of DOX using the AuNPs

enhanced cellular uptake of DOX and improved apoptosis of PC-3 cells.
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There are some disadvantages associated with
the treatment of malignant tumors by clini-
cally used anticancer drugs, such as unfavor-
able pharmacokinetics, serious side effects,
drug resistance and poor intracellular uptake,
that finally weakened their chemotherapeutic
effects in clinical circumstances. To over-
come the obstacles, systemic anticancer deliv-
ery using nanoscale drug carriers (e.g., drug-
polymer conjugates, liposomes, dendrimers
and organic/inorganic nanoparticles) have
been developed, making a significant impact
in cancer therapies [1-4]. Nanocarriers enable
passive targeting through the enhanced per-
meability and retention effect. Moreover,
active targeting can be achieved by conju-
gating nanocarriers with ligands that bind
to overexpressed antigens or receptors on the
surface of cancer cells, thus facilitating the
selective accumulation of anticancer drugs to
the intended tissues with no apparent adverse
reactions in tumor therapy.

Within the last decade, gold nanoparticles
(AuNPs) have attracted much attention in
the field of biomedical imaging and clini-
cal diagnostics [5). The organ distribution
of AuNPs is dependent on their size. AuNPs
with particle size >10 nm were most often
accumulated in blood, liver and spleen [4].
Analysis of AuNP cell/interaction using the
Hydra model showed that AuNPs were rap-
idly internalized by Hydra and then recruited
into vacuoles/endosome. The internalized
AuNPs were almost complete clearance from
the living organism after 48 h [7]. Moreover,
AuNPs can be readily functionalized with a
variety of molecules and ligand to achieve
efficacy and limit off-target toxicity [s]. The
drug carrying AuNPs were allowed to navi-
gate tissue for detecting diseases in a nonin-
vasive and real-time monitoring manner, and
releasing drugs into their targets for thera-
peutic purposes [9]. Modification of AuNPs

with tumor-specific, stimuli-responsive mol-
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ecules can be an effective strategy to make AuNPs a
controllable release system for the specific targeting
diagnosis and therapeutics [10].

Doxorubicin (DOX) is a drug used in cancer che-
motherapy for the treatment of a wide range of carci-
noma and soft tissue sarcomas. However, DOX-associ-
ated cardiotoxicity caused by poor targeting of DOX
to tumor cells and the multidrug resistance effect has
decreased in availability of DOX for cancer therapy
application. Doxil® is the first US FDA-approved can-
cer nanomedicine which can be passively targeted to
tumors and has decreased cardiotoxicity compared with
free doxorubicin [11]. Recently, the methods of encap-
sulation of DOX in micelles or conjugation of DOX to
nanoparticles have been developed to overcome these
disadvantages [12-14]. Consequently, the therapeutic
efficacy was enhanced due to dramatic alteration in the
chemotherapeutic pharmacokinetics and biodistribu-
tion of DOX [15,16]. Although there have been numbers
of work on the development of nanocarriers for DOX
delivery [11-14.17], the issues of prostate cancer targeted
therapy in stimuli-responsive fluorescence imaging and
drug release are still not found.

Epigallocatechin gallate (EGCG), the major com-
ponent in tea polyphenols, has been known to have
protective effects against the development and pro-
gression of prostate cancer [18,19]. EGCG can induce
apoptotic cell death, influence cell signals and gene
expression, and modulate the activities of specific
enzymes, consequently inhibiting the growth of pros-
tate cancer [20]. Previous studies reported that EGCG
can effectively reduce tetrachloroaurate (III) ions to
AuNPs and also serve as an excellent stabilizer to pre-
vent the created AuNPs from agglomeration by the for-
mation of EGCG-shielded AuNDPs [2122]. Furthermore,
EGCG can specifically bind to the laminin receptor
overexpressed in some cancer cells [2324]. Intratumoral
injection of EGCG-functionalized "®Au NPs in pros-
tate tumor-bearing mice showed high retention of the
radioactive AuNPs in tumors and effective reduction of
tumor volumes [21]. Another study reported that micel-
lar nanocomplexes comprising EGCG and Herceptin®
showed superior tumor selectivity and growth reduc-
tion than free Herceptin [25]. It is therefore reasonable
to hypothesize that EGCG effectively improves the
internalization of nanoparticles in various types of
cancer cells including prostate cancer.

It is well known that matrix metalloproteinases
(MMPs) that are highly expressed in the tumor micro-
environment (intracellular and extracellular) play an
important role in invasion and metastasis of cancer
by cleaving collagen and its denatured form gelatin.
Wong et al. developed an engineered nanoparticle
with a core composed of gelatin and a surface covered

with quantum dots. MMP-2 triggered the shrinkage of
the nanoparticles, facilitating deep penetration of the
nanoparticles into tumor tissues [26]. Another study
reported the preparation of supramolecular gelatin
nanoparticles as MMP responsive cancer cell imaging
probes [27]. Our study aimed to develop 67-kDa lam-
inin receptor (67LR)-targetable and MMP-responsive
nanoparticles for targeted DOX delivery. DOX was
conjugated with gelatin (GLT) and EGCG-functional-
ized AuNPs (EGCG AuNDs) were prepared by reduc-
tion of tetrachloroaurate (III) ions in EGCG aqueous
solution. Based on the knowledge of high-affinity bind-
ing of EGCG to GLT [28], DOX-GLT can be effectively
incorporated into the EGCG AuNPs. In this study,
DOX-GLT was coated on the surface of EGCG AuNDPs
by a layer-by-layer assembly method (Figure 1). In vitro
release of DOX from DOX-GLT/EGCG AuNDPs was
determined in the MMP-2-containing medium. We
show effective accumulation of the DOX-GLT/EGCG
AuNPs in PC-3 cells and significant inhibition of the
cancer cells proliferation because the nanoparticles were
increasingly uptaken by the cells via receptor-mediated
endocytosios. We also find that the cellular uptake
and inhibition of PC-3 cells proliferation became less

evident after block of 67LR.

Materials & methods

Materials

EGCG (98%) was purchased from Zhejiang Yixin
Pharmaceutical Co., Ltd. (Zhejiang, China). Type B
gelatin (from bovine skin, gel strength ~225 g Bloom)
and DOX were purchased from Sigma—Aldrich Com-
pany Ltd. (MO, USA). Methanol (MeOH) (HPLC
grade) and acetonitrile (ACN) (HPLC grade) were
obtained from Mallinckrodt Baker (NJ, USA).

Preparation & characterization of
epigallocatechin gallate-gold nanoparticles
The EGCG solution (0.2, 0.15, 0.1 or 0.05 wt%)
was prepared by vigorous stirring of EGCG in deion-
ized (DI) water and stirred continuously at 25°C for
15 min. Subsequently, 1 ml of 4.0, 2.0, 1.0, 0.75, 0.5
and 0.25 mM HAuCl4 solution was added dropwise
into 1 ml of previously prepared EGCG solution at
25°C with magnetic stirring. The color of the solution
gradually changed from pale yellow to purple over a
period of 10 min. After the color change, stirring is
continued for 15 min to ensure a complete reaction.
The samples were respectively noted as EGCG_, -
Au, NPs, EGCG, -Au, NPs, EGCG.-Au , NPs,
etc. Absorption spectra of the samples were investi-
gated by utilizing a UV-Vis spectrophotometer (Hita-
chi, Tokyo, Japan). The mean particle sizes and zeta
potential values of EGCG-AuNPs were determined by

10

Nanomedicine (Lond.) (2016) 11(1)

fsg

future science group



EGCG/gelatin-doxorubicin gold nanoparticles for prostate cancer treatment

CH,
— A VaVaVaN DOX
Ve VaVaVaN —
NH, + . o . COOH

GLT Citraconic anhydride

VA VAV VAN
EDC/NHS O

Carboxylated GLT GLT-DOX

Synthesis of GLT-DOX conjugate

MMP-2, MMP-9 J

EGCG  oH

I

Ex: 480 nm
Em: 560-580 nm

Figure 1. Schematic diagram showing the synthesis and optical properties of layer-by-layer assembled

GLT-DOX/EGCG-AuNPs.

AuNP: Gold nanoparticle; DOX: Doxorubicin; EGCG: Epigallocatechin gallate; FL: Fluorescence; GLT: Gelatin.

a dynamic light-scattering technique using a Malvern
3000HS Zetasizer. The nanoparticle suspensions were
dropped on to a copper grid and allowed to air dry
after deposition of the nanoparticles. The morphol-
ogy and structure of EGCG-AuNDPs were examined by
transmission electron microscopy (TEM) coupled with
energy-dispersive x-ray spectroscopy. Raman spectra of
EGCG-AuNDPs were recorded on a Renishaw inVia
Raman microscope over the range of 300-3000 cm™.

Characterization of interactions between
epigallocatechin gallate & gelatin

Interactions of EGCG and GLT were examined by a
circular dichroism (CD) and isothermal titration calo-
rimetry (ITC) method. CD spectra were scanned at a
speed of 25 nm min! with a slit width of 1 nm using
a Jasco 715 circular dichroism spectropolarimeter. The
spectra were recorded in the far UV region (190-280
nm) under N, atmosphere to estimate the conforma-
tional change of GLT brought about by EGCG solu-
tion. An aqueous solution of GLT (0.03 wt%, 1 ml)
was added with EGCG (0.2 wt%) solution at different
volumes (20, 40, 60 and 80 pl). After subtracting the
reference spectrum (solvent peak), the data were nor-
mally plotted as mean-residue-weight ellipticity (deg.

cm? dmol") versus wavelength in nanometer. Changes
in the conformation of GLT on addition of various
amounts of EGCG were recorded.

The thermodynamics of the binding of GLT to
EGCG was assessed using a Nano ITC Isothermal
Titration Calorimetry (TA Instruments, DE, USA).
The reference cell was filled with deionized water while
the sample cell was filled with GLT solution (0.2 mM,
1100 pl). The injection syringe was filled with 8 mM
EGCG solution and was titrated into the sample cell
as a sequence of 20 injections of 5 ul aliquots under
250 rpm stirring at 298 K. Data acquisition was per-
formed with NanoAnalyze software (TA Instruments)
and was shown as a plot of observed enthalpy change
per mole of injectant (AH, , k] mol"') against molar
ratio. Equilibrium binding constants, heats of bind-
ing and stoichiometries were determined by nonlinear
least-squares fitting for ITC data analysis.

Synthesis & characterization of doxorubicin-
gelatin conjugates

An amount of gelatin was dissolved in water to obtain
a stock gelatin solution (10 mg/ml). The stock solu-
tion was diluted to 4 mg/ml and subsequently reacted
with citraconic anhydride (22.1 mM) at a citraconic
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anhydride-to-GLT weight ratio of 0.62. After 2 h of
reaction at room temperature, the final product (a car-
boxylated GLT) was dialyzed against water for 72 h
using a dialysis membrane (molecular weight cut-off
10,000, Spectra/Por®) and lyophilized. The lyophi-
lized product (250 mg dissolved in 50 ml DI water)
was allowed to react with 50 mg of EDC (5.23 mM)
to activate the carboxyl groups. After 30 min, 96 mg of
DOX (3.31 mM) was added to the carboxylated GLT
(5 mg/ml)/EDC (5.23 mM) mixture and the reac-
tion was maintained at pH 5.0 for 24 h to obtain the
DOX-GLT conjugate. The Fourier transform infrared
(FTIR) spectra of the lyophilized compounds were
recorded on a Perkin-Elmer Spectrum RX1 spectrome-
ter in the region 400-4000cm™ with the samples taken
as KBr pellets. Amount of covalently bound DOX in
the DOX-GLT conjugate was calculated from the
absorbance measured by a UV-Vis spectrophotometer

(Hitachi 250 UV-Vis, Tokyo, Japan) at 485 nm.

Synthesis of layer-by-layer assembled
doxorubicin-gelatin/epigallocatechin gallate-
gold nanoparticles

The previously prepared EGCE-AuNPs (2 ml) were
added to 2.0 mg/ml DOX-GLT conjugate aqueous solu-
tion (2 ml) under stirring. After 10 min, the DOX-GLT-
coated EGCE-AuNDs were centrifuged (10000 x g rpm)
and washed to eliminate the excess of DOX-GLT. The
centrifuged AuNPs (2 mg) were mixed with 0.2 wt%
EGCG solution (1 ml) and the reaction was allowed
to continue for 10 min. The AuNDPs were alternatively
coated with EGCE and DOX-GLT to obtain a layer-by-
layer assembled DOX-GLT/EGCG-AuNPs. The DOX
and EGCG equivalents in the AuNPs were determined
by a UV-Vis spectrophotometer (Hitachi 250 UV-Vis,
Tokyo, Japan) at 485 and 285 nm, respectively.

Nanoparticle surface-energy transfer
measurements

The EGCE-AuNPs and DOX-GLT conjugates were
synthesized according to the above-mentioned process.
Fluorescence spectra of the DOX-GLT conjugate was
determined by a Hitachi fluorescence spectrophotom-
eter (F-2500, Japan) using an excitation wavelength
of 485 nm. The nanoparticle surface energy transfer
(NSET) effect was investigated by titrating DOX-GLT
conjugate with EGCG-AuNPs and the fluorescence
spectra were recorded. An amount of EGCG-AuNPs
(0-500 pl) was added to 1 ml of DOX-GLT conjugate
aqueous solution (2.0 mg/ml) to form DOX-GLT/
EGCG-AuNPs nanocomplex and the emission spec-
trum of the complex was recorded to determine the
ratio of the complex-to-original emission intensity (IC/
10). The dissociation of DOX from the nanocomplex

was examined by keeping the nanocomplexes in the
medium containing MMP-2 (50-1000 ng/ml), and
the recovery of fluorescence was recorded.

Release of doxorubicin from gold nanoparticles
The pH-dependent DOX release measurements were
carried out by suspending the DOX-GLT/EGCG-
AuNPs nanocomplex (100 mg) in 10 ml of PBS with or
without MMP-2 (1.0 pg/ml). At predetermined time
intervals, the nanoparticle dispersion was centrifuged,
the supernatants were collected and replaced with the
same volume of fresh medium. The amount of DOX
released was calculated from the absorbance measured
by a UV-Vis spectrophotometer (Hitachi 250 UV-Vis,
Tokyo, Japan) at 485 nm.

Intracellular uptake of doxorubicin

Metastasized human prostate cancer cells (PC-3)
were grown and maintained in RPMI 1640 culture
medium. The medium contained 10% fetal bovine
serum and the temperature of the CO, (5%) incubator
was kept at 37°C. The PC-3 cells (2.5 x 10° cells/ml)
were plated in 24-well cell culture plates and allowed
to grow overnight. The cells were sequentially treated
with Lam 67R-specific MLuC5 antibody (NeoMark-
ers, CA, USA) and secondary antibody (Alexa 594,
DAKO, CA, USA). Subsequent to blocking the Lam
67R receptors, the PC-3 cells were treated with DOX-
GLT/EGCG-Au NPs (2 mg/ml of DOX equivalent)
for 90 min. For negative control experiments, the cells
were incubated with a nonimmune serum instead of
primary antibody. The coverslips with growing cells
were briefly washed with PBS, fixed in freshly made
4% paraformaldehyde. The cells were counterstained
with the nuclear marker DAPI. The coverslips was
examined using a laser scanning confocal microscope
(TCS-SP5, Leica, Germany).

PC-3 cells incubated with AuNPs were harvested
after trypsin treatment, and the cells were fixed in PBS
containing 2.5% glutaraldehyde for 12 h, dehydrated
in ethanol before embedding into Epon Araldite resin,
and then stained with 4% uranyl acetate. An ultrathin
section was cut on an MT-X Ultra microtome using
a 45 diatom diamond knife, and then placed on the
grids for observation under the transmission electron
microscope (H-7650B).

Measurements of doxorubicin retention by
flow cytometry

DOX-GLT/EGCG-AuNPs were obtained from
the above-mentioned process. DOX-GLT/AuNPs
were prepared according to the procedure of Neu-
pane e al. [29]. DOX-GLT-capped AuNPs were pre-
pared by reduction of HAuCl, solution (1 mM) with
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sodium citrate (38.8 mM) using DOX-GLT (2 mg/ml)
as a stabilizing reagent. PC-3 cells were respectively
incubated with DOX-GLT/EGCG-AuNPs or DOX-
GLT/AuNP:s for 2 h. The cells were washed twice with
PBS after harvesting the cells by trypsin/EDTA treat-
ment. Intracellular accumulation and retention of DOX
was measured by using a FACSCanto flow cytometer

(FACSCanto, Becton Dickinson, CA, USA).

In vitro anticancer assay

PC-3 cells were seeded and incubated according to the
above-mentioned procedure. After 24 h of incubation,
EGCG-AuNDPs, DOX-GLT/AuNPs and DOX-GLT/
EGCG-AuNDPs were added to the culture medium
at different DOX and EGCG equivalents. The cells
were further incubated for 48 h, and then MTT assay
was used to quantify cell viability by determining the
absorbance of dissolved formazan crystal using a Per-
kin Elmer EnSpire 2300 multimode plate reader at 570
nm. Cytotoxicity was expressed as the relative viability
(% control).

Statistical analysis

Statistical analysis was performed using one-way analy-
sis (ANOVA) followed by Tukey’ s post-test; *p < 0.05,
**p < 0.01. Results are expressed as mean and standard
error of mean.

Results & discussion

Characterization of epigallocatechin
gallate-gold nanoparticles

In this work, EGCG was not only used as a reducing
agent but also as a stabilizing agent for preparing the
EGCG-capped AuNPs (EGCG-AuNPs). The color
of the prepared AuNP dispersions changed from red
to blue because surface plasmon resonance (SPR) fre-
quency highly depends on the size and shape of the
nanoparticles. UV-Vis absorption spectrum of gold
nanoparticles dispersed in water generally exhibits the
SPR at around 540 nm, which is attributed to the in-
plane dipole resonance. Generally, the SPR absorption
intensity increased with increasing the concentration of
HAuCI,. High concentrations of HAuCl, (2 and 4 mM)
facilitated the formation of EGCG-AuNDPs with intense
SPR absorption peaks (Figure 2A). As the concentration
of EGCG increased, the SPR absorption bands of the
EGCG-AuNps were red-shifted, indicating the forma-
tion of larger sizes of nanoparticles. The change in SPR
absorption band reveals that EGCG plays an impor-
tant role to disperse and stabilize the AuNPs. EGCG
is a polyphenol containing a large number of ortho-
phenolic hydroxyls, which serves as a bidentate ligand
that forms complex with Au®* jons and could effectively
reduce the chelated Au’* ions to AuNDPs [30].

The EGCG-AuNPs (EGCG, -Au

0.10 4.0° EGCGo.ls'
Au EGCG,  -Au and EGCG -Au, NPs)

4.0° 0.10 2.0° 0.05

demonstrating stronger SPR absorption in Figure 2A
were selected for subsequent measurement of their par-
ticle sizes by using dynamic light scattering. Figure 2B
shows the particle size distribution of the EGCG-
AuNPs. The particle sizes of the EGCG-AuNPs varied
in the range from 35 to 85 nm. The high-resolution
TEM micrograph of an individual EGCg  -Au,
NPs in Figure 2C clearly shows that the particle sizes
of the AuNPs were about 20 nm, which were smaller
than those measured by dynamic light scattering.
The energy-dispersive X-ray spectroscopy quantita-
tive analysis suggested that the EGCG_ -Au,  NPs
contained Au (80.07%), C (18.54%) and O (1.37%).
This result confirms that EGCG was anchored to the
surface of AuNDPs for stabilization of the nanoparticles
(Figure 2C). Figure 2D shows the Raman spectra of
the EGCG, -Au, , EGCG, .-Au, , EGCG, -Au,,

0.10 4.0° 0.15 4.0 0.10~

and EGCG_ .-Au, , NPs. As shown in this figure, the

0.05
intensity of the surface enhanced Raman scattering

(SERS) was highest for EGCGO0.05-Au2.0 NPs. The
SERS intensity of the band in the region from 1500 to
1600 cm™ was dramatically increased, suggesting that
EGCG was effectively bound to the gold surface.

EGCG consisting of abundant orthophenolic
hydroxyls is a polyphenolic ligand of Au(IIl) ions.
EGCG-Au(IIl) complexes are stabilized with the
bidentate ligand that forms a five-member ring with
Au(III) ions [31]. Subsequent to the chelation reaction,
the highly reductive Au(III) ions are readily reduced
into Au(0) atoms, accompanied with the polyphe-
nol-quinone oxidation. EGCG-capped NPs are sta-
bilized by the interaction between the surface Au(0)
atom of AuNPs and the hydroxyls and quinones in
EGCG, resulting in the formation of supramolecularly
assembled EGCG-Au(0) complex surface layer provid-
ing an efficient steric hindrance to prevent particles
aggregation.

Interactions between gelatin

& epigallocatechin gallate

As shown in Figure 3A, GLT and its GLT/EGCG com-
plex can be characterized by CD spectra in the far-
ultraviolet wavelength range (190-250 nm) because
the spectrum provides secondary structural informa-
tion of their polypeptide backbone. To gain informa-
tion on EGCG and GLT interactions, the changes in
secondary structure of GLT were examined by CD
spectra at various EGCG-to-GLT weight ratios. It has
been reported that the coexistence of the bands with
negative ellipticity around 198 nm and the band with
positive ellipticity at 223 nm is characteristic for triple
helical conformation of collagen [32]. The GLT conju-

Research Article

fsg

future science group

www.futuremedicine.com

13



"aje||eb uiydraiedo|jebid3 :pHn3 ‘sppipsedoueu pjoo (dNNY
‘eJ}dads uewey (q) ‘Adodsouydads Aei-x anisiadsip-Abiaus pue Adodsoudiw uou3d3|d uoissiwsuel] () "UoINqIIISIP
9z1s 3|d11ied (g) e3dads uondiosqy (V) "([a-4d] 10} sabed oml Buimojjo} 9as asea|d) suoiIPUOd JuIdHHP Je paledasd sqNNY-DIDT Jo uonezualdeiey) 'z ainbiy4

(wu) yibuajanep (wu) yibusjanep

004 089 009 0SS 00 0Sv O0ov

(wu) yibuajanep

004 089 009 0SS 005 0S¥ 00¥ 004 099 009 0SS 00S OSy 00y

1 . 1 1 1 1 1 1 | 1 1 1 1 1 1 1 o
€0 50 o.o
—v'0 ~9'0 N.o
. L0 0
rso g0 90
90 & 60 & 80 Z
o . ® LAy @
o 8 ok o ot o
(%M G00) DOODI —— 80 @ (% M S00) 9093 —— =@k m (% m mo”cv 9093 —— mat m
(% W 01°0) 9093 —— (% M 01°0) 093 —— . (% W 01°0) 9053 —— L a-
(% W G1°0) DODT —— ) (M 510) DoDT —— -e (%M G1'0) DODI —— 9l
(%W 02'0) 993 —— ~6°0 (%W 02'0) 9093 —— e (e 020) 9003 —— gl
(Ww 62°0) "1oNVH (Ww °0) "Tony (Ww 52°0) "1onvH
=1L =Gl —0'¢
(wu) yibuajanep (wu) yibuajanepp (wu) yrbuajanep
00L 0S9 009 0SS 005 0Sy 00 00 0S9 009 0SS 008 O0Sy 00F 00/ 099 009 0SS 008 0S¥ 00
| | | | | | | 00 | | | | | | | 00 | | | | | | |
—0
1.G0 ImO
. ~C
> 0t » >
oL g g v g
= Lo 2 <
g tg g
St 3 ] -9 3
3 Loz 8 3
(% M 50°0) 0O3 \ /
(% 01°0) ©0O3 —— L02 (%M 50°0) 90D —— \ y (%M 50'0) D0D3 —— -8
(%M G1°0) DOOI —— (% M 01'0) 9093 —— \ / | (% M 01'0) DOO3 ——
A o aamyEE—| S s
o N % W 02" JR— % M 02°0) DOOI —— L
(Ww 1) 1onv Loz (Nw 2) “1onvH Loe (nw ¥) "1onvH ot

future science group

Tsai, Hsieh, Lu, Wang & Mi

Research Article

Nanomedicine (Lond.) (2016) 11(1)

14



Research Article

EGCG/gelatin-doxorubicin gold nanoparticles for prostate cancer treatment

(wu) s932WeIq (wu) s938WelIq
G+30'9 S+307 7+30°1 0°000} 0°00} 00t o’k G+30°9 G+301 7+30°1 0°000} 00l o't
00 | | | = _ | | 00 00 | | | | | 00
| |
= i =
& il 2 2
@ wu g'GL ¥ 6'€8 B @ wu 2L F 269 B
N ~ N <
o . ! o . ,
o—3<|o—oooom on\:omoOMvom
0'001— —00'te 000}~ —00'te
(wu) sa10WEIg (wu) Ja38WEIQ
G+30'9 S+307 ¥+30°1 0°000} 0°00} 00t o’k G+30'9 G+301 7+30°1 0°000} 0°00k 0’0t o’k
00 | | | __._ | | | 00 00 | | | r___ = | | 00
L 1 [ I
|
c HHHH c i
2 it a 3 i 2
b wu gL Fe'ee 2 a WU G0l FE'1g i S
5 N m
oND(.mooGOGN om3<|o—oooom i
0°00}- —00'te 0°001- —00'te
(wu) Jol0WeEIQ (wu) J9183WeEIq
G+30'9 S+307 7+30°1 0°000} 00t ol G+30°9 G+301 7+30°1 0°000F 0°00} 00k (0}
00 | | | | | 00 00 | | | _. | | 00
c =
b Wu |°gL F 2°9€ 2 3 wu gzl F 8Ly R
e e <
(1] . E (] . .
o*D(nm-o@O@M owjzuTOFOOMvom
0001 -00'8} 0°00}- —-00'8}

15

www.futuremedicine.com

future science group



Research Article Tsai, Hsieh, Lu, Wang & Mi

Counts

16

60

40

Raman intensity

Au
Au Au: 80.07%
EGCG_ __-Au, NPs
005 7720 C: 18.54%
0:1.37%

5) 10 15
Energy (KeV)

M

EGCG, -Au,,

TR TR T

EGCG, ,-Au, ,

EGCG0.1'AU4.O

EGCGo.os'Auz.o

HAuClI, w”‘
w"wwwmw iy Pt o " O Aemha Ao s A

T T T T 1
1000 1500 2000 2500 3000

Raman shift/cm-’

Nanomedicine (Lond.) (2016) 11(1) future science group

Il Acquire EDX

20

fsg



EGCG/gelatin-doxorubicin gold nanoparticles for prostate cancer treatment

-104
-15

-20+ / //

Circular dichroism (mdeg)

25\ Iy
-30-

-35-

—— EGCG free

0.2 wt % EGCG 5 pl
0.2 wt % EGCG 10 pl
— 0.2 wt % EGCG 30 pl
0.2 wt % EGCG 50 pl

T T
200 220

T T T 1
240 260 280 300

Wavelength (nm)

@

0 1 OIOO 2090 30|00 40|00

Time (s)

5090 60|00 70(|)0 80?0 9090 10,900

2.0
1.5
1.0
0.5
0.0
-0.5

o\

Corrected heat rate (uJ/s)

-7000 - =
-7500 —
-8000 —
-8500
-9000 —
-9500
-10,000 —
-10,500 —

Normalized fit (kd/mol)

Ratio

Figure 3. Circular dichroism spectra and isothermal titration calorimetry analysis. (A) Circular dichroism spectra
of the changes in secondary structure of gelatin (0.03 wt%, 1 ml) upon addition of EGCG (0.2 wt%) solution

at different volumes (5, 10, 30 and 50ul). (B) Isothermal titration calorimetry binding isotherms and heat flow
against time for titration of 0.2 mM gelatin with 8 mM EGCG at 298 K.

EGCG: Epigallocatechin gallate.

gate demonstrated only a strong peak of negative ellip-
ticity near 195 nm, revealing a pattern characteristic
of random-coil conformation of GLT. After adding
EGCG to GLT solutions, the peak of negative ellip-

ticity was red shift and the strength decreased with
the increase of EGCG content. Furthermore, the peak
of negative ellipticity appeared at 280 nm due to the
interactions between the polyphenol and the aromatic
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residues of GLT. This result suggested that GLT might ITC binding isotherms were shown as a plot of heat
be reassembled to form the triple helical-like structure  flow against EGCG-to-GLT molar ratio for the inter-
by noncovalent interaction with EGCG, due to the action of EGCG with GLT (Figure 3B). An exothermic
protein folding-unfolding effect. interaction suggested a strong binding of EGCG with

®
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Figure 4. FTIR and XPS spectra and zeta potential (for [A & B], please see above; for [C], please see facing page).
(A) FTIR spetra of GLT, DOX and GLT-DOX conjugates, (B) XPS spetra of GLT-DOX/EGCG-AuNPs, (C) zeta potential
of various AuNPs prepared by layer-by-layer assembly of EGCG and GLT-DOX multilayers.

AuNP: Gold nanoparticle; DOX: Doxorubicin; EGCG: Epigallocatechin gallate; GLT: Gelatin.
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GLT while the stoichiometry (n = 1.089) indicated
that the protein (GLT) binds the ligand (EGCG) at
1:1 molar ratio. The equilibrium binding constants (K)
calculated from the ITC binding isotherms were 1.13
x 10° M, suggesting that the interactions between
EGCG and GLT were quite strong. The negative value
of entropy term (AS, -6.79 kJ/mol) indicates that the
interaction was enthalpy driven because the molecu-
lar order increases after formation of the GLT/EGCG
complex. The relatively low value of enthalpy (AH,
-30.86 kJ/mol) implies that noncovalent interaction, in
other words, hydrogen bonding, plays an essential role
in the binding of EGCG with GLT to form the GLT/
EGCG nanocomplex.

Characterization of gelatin-doxorubicin
conjugates

FTIR spectra of the GLT-DOX conjugates were shown
in Figure 4A. Citraconic anhydride was used to react
with amine groups of GLT in a ring-opening process
to create more carboxyl groups. Afterward, the car-
boxyl groups in GLT were activated by EDC/NHS.
GLT-DOX conjugates were synthesized by coupling
of DOX to GLT through formation of amide bonds
between the carboxyl groups of GLT and the amino
groups of DOX. In the IR spectra, characteristic peaks
at 1729 cm™ (C=O stretch of ketone), 1282 cm™ (C-C
stretch) and 1011 cm™ (C-O-C stretch of ether) in
GLT-DOX conjugates were observed, respectively. The
degree of substitution calculated from the calibration
curve based on UV-Vis analysis of DOX with different
concentrations was found to be 3.7 wt%.

Characterization of layer-by-layer assembled
gelatin-doxorubicin/epigallocatechin gallate-
gold nanoparticles
X-ray photoelectron spectroscopy (XPS) analysis was
used to investigate the formation of the EGCG-capped
AuNPs and layer-by-layer assembled GLT-DOX/
EGCG-AuNPs (Figure 4C). For the EGCG-AuNPs,
the signal at binding energies of 88.4 and 88.0 €V were
corresponding to the 4f  and 4f, , orbits of Au” (Au
atoms) [30.33]. The XPS peaks of free EGCG at 286.0
(aromatic sp?), 290.4 eV (O-C=0) and 538.7 €V (phe-
nolic hydroxyl) was shifted to 284.7, 289.1 and 537.0 eV
after binding to the surface of the AuNPs. The results
indicate the formation of GLT-DOX/EGCG-AuNDPs
after reacting the EGCG-AuNPs with GLT-DOX.
Figure 4B shows the zeta potential of the GLT-DOX/
EGCG-AuNPs prepared by layer-by-layer assembly of
GLT-DOX/EGCG multilayers on AuNDPs. The zeta
potential of EGCG-AuNPs is -20 mV, indicating that
the nanoparticles are surrounded by the negatively

charged EGCG (polyphenol). Adsorption of the GLT-

DOX conjugate causes a change in the value of surface
charge to a positive one. The sequential deposition of
alternating layers of the oppositely charged GLT-DOX
and EGCG onto AuNPs was observed for the change
in the zeta potential of the nanoparticles with an
EGCG or GLT-DOX outermost layer (Figure 4B). The
result confirms the assembly of EGCG/GLT-DOX
multilayers on the surface of the AuNDs.

Characterization of nanoparticle surface
energy transfer effect

Fluorescence quenching of GLT-DOX by EGCg-AuNPs
was shown in Figure 5A. The fluorescence emission of
GLT-DOX was significantly quenched upon the addi-
tion of EGCg, | -Au, A NPs due to the NSET effect [34].
In contrast, the EGCg,-Au, ,, EGCg -Au, and
EGCg,,,-Au, , NPs quenched only 30-50% of GLI-
DOX fluorescence intensity. Fluorescence quenching of
GLT-DOX by the EGCg-AuNPs with EGCg_ , -Au,
NPs (weaker SPR absorption) was less remarkable than
those quenched by the AuNPs with stronger SPR absorp-
tion. The fluorescence quenching effect was attributed
to the NSET effect caused by the formation of GLT-
DOX/EGCg-AuNPs. The NSET effect was affected by
the wavelength and intensity of SPR absorption of the
EGCg-AuNPs. The A, -to-A,,. fluorescence intensity
(L /L,,) changed when different types of EGCg-AuNPs
were added to the GLT-DOX solution (Figure 5B).
Figure 5C showed the overlaid emission (GLT-DOX) and
absorption (EGCg-AuNPs) spectra. The EGCg_, -Au, |
NPs having a narrow band and strong absorption at 550
nm demonstrated a more significant overlapping effect
with the emission band of GLT-DOX at 565 nm than
that at 595 nm. The decrease of fluorescence emissions
at L and L, is an evidence of the energy transfer from
GLT-DOX to EGCg-AuNPs, which results in quench-
ing of doxorubicin fluorescence. The energy transfer
efficiency in fluorophore-metallic nanoparticle pairs
(NSET) model is inversely proportional to the distance
between the fluorophore and the nanoparticle.

In contrast to EGCg_ | -Au, NPs, adding EGCg_ , -
Au, , NPs or EGCg -Au,  NPs into the GLT-DOX
solution did not obviously change the L /I ratio
(Figure 5B). As shown in Figure 2A, a red shift and a
broadening of the SPR band was observed from the
absorption spectra of those EGCg-AuNPs. The emis-
sion bands of GLT-DOX at 565 and 595 nm were
overlaid with the broad absorption band of EGCg-
AuNPs (Figure 5C), leading to the synchronous fluo-
rescence quenching of both emission bands (the I/

565
L, ratio is similar to that of free DOX). Concentration
dependence of GLT-DOX fluorescence quenching by
the EGCg_, -Au, , NPs was shown in Figure 5D. GLT-

DOX fluorescence significantly decreased with the
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increase of AuNPs concentration by adding 50-500 pl
AuNP dispersions into the GLT-DOX solution.

Doxorubicin release & fluorescence recovery
We next investigated the effect of MMPs on fluores-
cence recovery and DOX release. Gelatinases A and B
(MMP-2 and MMP-9) play important roles in tumor
invasion, metastasis and angiogenesis through proteoly-
sis of the extracellular matrix. MMP-2 and MMP-9 are
highly expressed at the invasive edge of tumors where the
nanoparticles are able to extravasate. The MMPs rich
environment favors enzymatic degradation of cleavable
peptide linkers and can act as a trigger mechanism for
tumor-specific fluorescence ‘turn-on’ (3s]. Figure 6A shows
the recovery of quenched fluorescence of GLT-DOX
due to proteolytic hydrolysis of GLT. To test whether
MMP-2 can change the fluorescence properties of GLT-
DOX/EGCG-AuNPs, the nanoparticles were incubated
in MMP-2 containing media and the emission spectra
were monitored at predetermined times. The fluores-
cence of DOX was not recovered by incubation of GLT-
DOX/EGCG-AuNPs in MMP-2-free media. However,
with the aid of proteolytic hydrolysis of GLT, MMP-2
concentration-dependent recovery of DOX fluorescence
was observed after 3 h of incubation. The results indi-
cated that the fluorescence quenching due to NSET was
weakened by detachment of surface-bound GLT-DOX,
consequently resulting in the fluorescence recovery.
Because MMP-2 is extremely efficient at hydrolyz-
ing GLT, intratumoral drug release could be triggered
by the gelatinases due to hydrolysis of GLT-based
hydrogels or nanocarriers [36-39]. In vitro release stud-
ies of DOX from the GLT-DOX/EGCG-AuNDPs were
carried out in PBS with or without MMP-2, which
simulates the conditions of physiological media and
tumor site. The MMP-2 triggered DOX release
from the GLT-DOX/EGCG-AuNDPs due to MMP-
mediated proteolysis of GLT was consistent with the
recovery of fluorescence emission. Figure 6B shows the
time-dependent MMP responsiveness of the GLT-
DOX/EGCG-AuNPs in the presence of MMP-2.
MMP-2 induced gradual recovery of the fluorescence
from DOX at concentrations ranging from 50 to
1000 ng/ml (simulating the reported MMP-2 concen-
tration in different tumor tissue). In presence of 50
ng/ml of MMP-2, DOX fluorescence was recovered
from GLT-DOX/EGCG-AuNDPs at a very slow rate.
In contrast, the fluorescence intensity increased at a
much faster rate with increasing the MMP-2 concen-
tration to 1000 ng/ml due to proteolytic hydrolysis
of GLT, indicating a significant release of DOX from
the AuNDPs. After 24 h of incubation, the release of
DOX is approximately 79.4% in the medium contain-
ing 1000 ng/ml of MMP-2 as compared with 18.2%

release in those containing 50 ng/ml of MMP-2. The
results suggested that the GLT-DOX/EGCG-AuNDPs
can be used for tumor-specific drug release triggered
by MMPs such as MMP-2.

Celluar uptake

Internalization of nanoparticles via receptor-mediated
endocytosis is considered to be an effective and spe-
cific way for targeting drug delivery. The 67LR is a
nonintegrin laminin receptor and is known to be over-
expressed on the surface of human prostate cancer
cells [21]. Cancer-overexpressed 67LR plays an impor-
tant role in the metastasis of tumor cells and induc-
ing adhesion-mediated drug resistance. The inhibitory
effects of EGCG on several cancer cells are associated
with the binding of EGCG to 67LR.

Human prostate cancer PC-3 cells (67LR over-
expression) were used to assess targeting capabili-
ties of GLT-DOX/EGCG-AuNDPs toward the 67LR.
Figure 7A shows a confocal microscope image of PC-3
cells treated with a FITC-labeled MLuC5 antibody.
The green fluorescence confirmed the expression of
membrane-associated 67LR on PC-3. The PC-3 cells
were then exposed to GLT-DOX/EGCG-AuNPs and
the internalization of the AuNPs via endocytosis was
visualized using confocal laser scanning microscopy
(CLSM). PC-3 cells treated with free DOX for 2 h
showed the predominant accumulation of DOX in the
nucleus (Figure 7B). The blue fluorescence in nucleus
stained by DAPI was overlapped with strong red fluo-
rescence, suggesting rapid transport of free DOX from
the cytosol to the nucleus [31]. Figure 7C showed that
GLT-DOX/EGCG-AuNPs bound to cell membranes
at 1 h treatment, then accumulated in the cell cyto-
plasm after 2 h incubation. As shown in the supple-
mentary imaging file (Supplementary Figure 1), the
AuNPs were mostly accumulated in the cell cytoplasm
and perinuclear area. At 4 h, DOX fluorescence was
observed in nucleus because DOX has released from
the AuNDPs and thus was subsequently able to enter
the nucleus. The apoptosis induced by GLT-DOX/
EGCG-AuNDPs can be observed from the decreased
intensity of DAPI staining in nuclei post 4 h coincuba-
tion due to significant DNA damage induced by DOX.

We next tested whether the 67LR-specific binding
affinity of EGCG correlates with the internalization of
the nanoparticles by PC-3 cells. Apparently, the fluores-
cent signal in the GLT-DOX/EGCG-AuNDPs coincubated
cells was stronger than that of the AuNPs coincubated and
antibody treated cells after the same time of incubation
(Figure 7C). This was most likely contributed by the tar-
geting effect of Lam 67R-specific MLuC, antibody, which
could be recognized by 67LR that were overexpressed on

PC-3 cells and thus mediated the cellular uptake of GLT-
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Figure 6. Recovery of fluorescence emission. (A) Recovery of fluorescence spectra of GLT-DOX conjugate by
hydrolyzing GLT-DOX/EGCG-AuNPs in MMP-2 containing media. (B) Time dependence of fluorescence recovery in
the presence of 50, 500 and 1000 ng/ml of MMP-2.

AuNP: Gold nanoparticle; DOX: Doxorubicin; EGCG: Epigallocatechin gallate; GLT: Gelatin; MMP: Matrix
metalloproteinase.

DOX/EGCG-AuNPs [23.24]. As shown in Figure 7C, when  ing that the AuNPs bound to the cell membranes. In con-
co-cultured with GLT-DOX/EGCG-AuNPs, the DOX  trast, the red rim disappeared after treating PC-3 cells with
fluorescence appeared as a rim around PC-3 cells, suggest-  MLuC, antibody (Figure 7C). EGCG binding to the 67LR
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on PC-3 cells was inhibited due to saturation of the recep-
tors with MLuCS5 antibody, leading to a reduced internal-
ization of GLT-DOX/EGCG-AuNPs within PC-3 cells.
Moreover, TEM was used to track the intracellu-
lar distribution of the AuNDPs. Cellular uptake of the
AuNPs was observed after 2 h of incubation. The AuNPs
were observed on cell membranes and in subcellular
organelles (e.g., endosomes or lysosomes) (Figure 7D),
indicating uptake of the AuNDPs by acidic organelles.
Some AuNPs were distributed in cytoplasm because

®

© PC-3 cells
DAPI Brightfield Merge

1h_

2h

4h

PC-3 cells + 67LR antibody
DAPI DOX Brightfield Merge

1h

2h

4h

the AuNPs were able to escape from membrane-bound
vesicles subsequent to uptake by the vesicles.

In vitro antitumor activity

Chemotherapy is a traditionally used method for treat-
ing cancer; however, cell membrane is a major barrier
to drug delivery. To increase the efficacy of chemother-
apeutic, surface modification of AuNPs with affinity
ligands can be used as potential nanocarriers for active
targeting drug delivery. PC-3 human prostate cancer

DAPI DOX

©)

Cell membrane

Subcellular organelles

2h

Figure 7. Confocal microscope images. (A) PC-3 cells stained with DAPI (blue) and treated with a FITC-labeled
MLuC5 antibody (green). (B) PC-3 cells stained with DAPI (blue) and treated with free DOX (red) and (C) GLT-DOX/
EGCG-AuNPs (w/ and w/o blocking 67LR receptor by antibody). (D) Transmission electron microscopy micrographs

of PC-3 cells treated with GLT-DOX/EGCG-AuUNPs.

67LR: 67-kDa laminin receptor; AuNP: Gold nanoparticle; DOX: Doxorubicin; EGCG: Epigallocatechin gallate;

GLT: Gelatin.
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Figure 8. Intracellular accumulation and cell viability (for [A & B], please see above; for [C], please see facing
page). (A) Flow cytometric analysis of intracellular accumulation of GLT-DOX/AuNPs and GLT-DOX/EGCG-AuNPs

in PC-3 cells. (B) Cell viability of PC-3 cells treated with free DOX, GLT-DOX/AuNPs and GLT-DOX/EGCG-AuNPs at
different DOX equivalents. (C) Cell viability of PC-3 cells (w/ and w/o blocked by Lam 67R-specific MLuC, antibody)
treated with free DOX, GLT-DOX/AuNPs and GLT-DOX/EGCG-AuNPs at 2.5 uM DOX equivalent.

*p < 0.05.

**p < 0.01.

AuNP: Gold nanoparticle; DOX: Doxorubicin; EGCG: Epigallocatechin gallate; GLT: Gelatin.
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cells have high metastatic potential and are overex-
pressed with MMP-2 and MMP-9, thus can be used
for the study of MMP-responsive drug delivery [40]. In
this work, EGCG were conjugated with AuNPs and
the EGCG-AuNPs were further assembled with GLT-
DOX to obtain the nanocomplex with small sizes. The
laminin receptor targetable AuNPs are potentially
beneficial in increasing DOX accumulation in PC-3
cells via receptor-mediated endocytosis. Subsequent
to cellular uptake of the nanoparticles, MMP-2 and
MMP-9 can hydrolyze GLT and release the drug,
consequently increase the intracellular DOX level to
induce apoptosis of prostate cancer PC-3 cells.

Several studies have demonstrated that EGCG can
bind to the 67LR-overexpressed prostate cancer [21.24].
EGCG can also sensitize anticancer drug-induced
apoptosis due to increased intracellular accumulation of
some drugs [41]. As shown in Figure 8A, flow cytometric
analysis revealed that an increase in the accumulation
of DOX in PC-3 cells by incubation of the cells with
layer-by-layer assembled GLT-DOX/EGCG-AuNPs.
On the contrary, DOX delivered by GLT-DOX/
AuNPs (without EGCG) was not effectively retained
in PC-3 cells. Layer-by-layer modification of AuNDPs
with an EGCG outer surface appeared to enhance the
retention of DOX by PC-3 cells. EGCG is a promising
agent that can be potentially used as a targeting ligand
for the development of surface-functionalized AuNPs,
consequently facilitates cellular uptake of the AuNPs.

We next examine the cytotoxicity of free DOX, GLT-
DOX/AuNPs and GLT-DOX/EGCG-AuNPs against

GLT-DOX/AuNPs

PC-3 cells using an MTT assay. Figure 8B shows the
cell viability of PC-3 cells treated with free DOX and
the DOX-loaded AuNDPs in a dose-dependent man-
ner. DOX is an anthracycline chemotherapeutic agent
that results in cell death attributed to topoisomerase
II-mediated DNA cleavage and DNA strand breaks.
However, PC-3 cells are highly resistant to DOX [42].
Free DOX exhibited moderate cytotoxicity against the
PC-3 cells with an IC, value of 2.6 uM (Figure 8B).
GLT-DOX/AuNPs showed a higher IC value (3.6
uM DOX equivalent) compared with that of free
DOX because DOX must diffuse from the cytoplasm
to the nucleus when incorporated to the AuNDPs.

It is worth noting that a more significant cytotoxic
effect was observed for PC-3 cells incubated with the
GLT-DOX/EGCG-AuNDPs compared with GLT-
DOX/AuNPs (p < 0.01). GLT-DOX/EGCG-AuNDPs
showed a lower IC, | value (1.4 uM DOX equivalent)
compared with that of free DOX and GLT-DOX/
AuNPs. GLT-DOX/EGCG-AuNDPs can increasely
accumulate DOX in PC-3 cells, thus the NPs are more
effective than free DOX and GLT-DOX/AuNPs in
inhibiting the cell proliferation. The receptor-medi-
ated cellular uptake of NPs is exerted by binding of
EGCG to 67LR, a high-affinity nonintergrin laminin
receptor overexpressed in PC-3 cells. Several studies
reported that EGCG can reduce PC-3 cell viability
due to the inhibitory effect of EGCG on tumor cells
proliferation. EGCG inhibits PC-3 prostate cancer
cell proliferation via MEK-independent ERK1/2 acti-
vation [43]. Moreover, EGCG induced the activation
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of initiator caspase-8, leading to proteolytic cleavage
of PARP [44]. EGCG-loaded chitosan NPs have been
reported to enhance antiproliferative and proapop-
totic effects on human prostate cancer cells [45]. Addi-
tionally, combination of DOX and EGCG showed a
synergistic inhibitory effect on the growth of human
prostate cell lines [41]. Combination of DOX and
EGCG in the layer-by-layer assembled AuNPs may
enhance the inhibition of PC3 cell proliferation due
to receptor-mediated targeting and synergistic effects.

EGCG-membrane interaction may influence the
fluidity of cellular membranes, leading to the enhanced
internalization of nanoparticles [46]. Thus, the enhanced
anticancer efficiency of DOX by GLT-DOX/EGCG-
AuNPs can be attributed to the effects of receptor-
binding and EGCG-membrane interaction. We further
determined if the growth inhibitory effects of GLT-
DOX/EGCG-AuNPs affected by blocking 67LR. Treat-
ing PC-3 cells with Lam 67R-specific MLuC, antibody,
we observed increased cell viability of the cells treated
with GLT-DOX/EGCG-AuNPs (2.5 pM DOX equiva-
lent) after 24 h of incubation (p < 0.05). The results sug-
gest that the receptor recognition combined with MMP-
2-mediated drug release has considerable potential for
effectively delivering the NPs into PC-3 cells to achieve
concentrated local DOX release, consequently resulting
in improved anticancer activity in the cancer cell.

Conclusion

In this study, EGCG was used to chelate with Au’®*
ions and subsequently reduced the chelated Au’* ions
to Au’ atoms, leading to formation of EGCG-capped
gold nanoparticles (EGCG-AuNPs). EGCG-AuNPs
can be used to bind GLT-DOX, producing GLT-
DOX/EGCG-AuNDPs exhibiting MMP-responsive
property and PC-3-targeting ability. Such aN AuNP-
based drug delivery system can significantly inhibit the
growth of PC-3 cells, owing to the laminin receptor-
mediated endocytosis and the MMP-responsive release
of DOX. The GLT-DOX/EGCG-AuNPs served
multiple functions by probing the intracellular DOX
release and inhibiting PC-3 cells proliferation.

Future perspective

Nanotechnology has been used as an efficient approach
for the development of a safe and efficient delivery sys-
tem in cancer therapy. Layer-by-layer assembly is a pos-
sible method to prepare functionalized nanoparticles
for imaging, targeting, drug delivery and drug release
not formerly feasible. AuNPs have long been regarded
as low toxic nanocarriers and nonviral vectors for drug
and gene delivery. AuNDs are already being examined
in clinical trials for applications in biomedical imaging,
and photothermal and photodynamic therapy. Surface

modification of AuNPs can diminish immunogenic
responses, increase their circulation half-lives, improve
specific targeting and reduce dosing requirements. DOX
has severe systemic toxicity and other undesirable side
effects such as cardiotoxicity and myelosuppression,
which is considered to have a narrow therapeutic index.
In respect to clinical use of DOX in treating prostate
cancer, the major challenge will be due to the fact that
DOX can be poorly delivered locally to the site of pros-
tate cancer. Medical scientists have encountered prob-
lems with fast clearance from the circulation and poor
tumor uptake of the drug that need to be overcome. It
may be expected that therapeutic uses of functionalized
AuNPs will be achieved in the coming years. To provide
the AuNPs with tumor-specific targeting capability, we
prepre EGCG-functionalized AuNPs. EGCG is a ligand
of a high affinity nonintergrin laminin receptor (67LR)
overexpressed in PC-3 prostate cancer cells. This design
might find potential applications in improving the
therapeutic potential for prostate cancer by the receptor-
mediated tumor targeting and the synergistic effect of
the combination of EGCG and DOX chemotherapy.
However, preliminary tests in animal models and clini-
cal translation of the newly developed nanomedicine
should be evaluated to validate its therapeutic potential.
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Executive summary

Background

e There are some disadvantages caused by cancer treatment with clinically used anticancer drugs. Active
targeting can be achieved by conjugating nanocarriers with ligands that bind to overexpressed antigens or
receptors on the surface of cancer cells.

Aim

e Preparation of gold nanoparticles (AuNPs) coated with epigallocatechin gallate (EGCG) and gelatin-
doxorubicin conjugate (GLT-DOX).

e Enhancement of intracellular delivery of the DOX-loaded AuNPs by Lam 67R receptor-mediated endocytosis.

e Development of functional AuNPs for fluorescence imaging and inhibition of prostate cancer cell growth.

Results

¢ AuNPs alternatively coated with EGCG and DOX-GLT conjugates were successfully prepared by a layer-by-layer
assembly method.

e DOX-GLT/EGCG AuNPs effectively quenched the fluorescence of DOX due to the nanoparticle surface energy
transfer effect.

e In vitro release of DOX from DOX-GLT/EGCG AuNPs was triggered by MMP-2 because GLT was easily degraded
by the enzyme.

e The enzyme-responsive intracellular release of DOX could be tracked in real time by monitoring the recovery
of the fluorescence signal of DOX.

e The AuNPs significantly inhibit the cancer cell proliferation because they were increasingly uptaken by the
cells via Lam 67R receptor-mediated endocytosios.

Conclusion

e Our results confirmed that Lam 67R receptor-mediated delivery of DOX using the DOX-GLT/EGCG AuNPs
enhanced cellular uptake of DOX. MMP-2 triggered DOX release from the AuNPs and the apoptosis of human
prostate cells was improved by a synergistic inhibitory effect of EGCG. The DOX-GLT/EGCG AuNPs may have
clinical application in the treatment of prostate cancer cells.
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