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Introduction: Functionalization of water-soluble chitosan (WSCS) nanocolloids with, gold
nanoparticles (AuNPs), and LyslLys3 (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)-
bombesin 1-14 (DOTA-BBN) peptide affords an innovative pathway to produce prostate tumor
cell-specific nanomedicine agents with potential applications in molecular imaging and therapy.
Methods: The preparation involves the production and full characterization of water-soluble
chitosan (WSCS), via gamma (y) rays (80 kGy) irradiation, followed by DOTA-BBN
conjugation for subsequent use as an effective template toward the synthesis of tumor cell-
specific AuNPs-WSCS-DOTA-BBN.

Results: The WSCS-DOTA-BBN polymeric nanoparticles (86 + 2.03 nm) served multiple
roles as reducing and stabilizing agents in the overall template synthesis of tumor cell-
targeted AuNPs. The AuNPs capped with WSCS and WSCS-DOTA-BBN exhibited average
Au-core diameter of 17 + 8 nm and 20 = 7 nm with hydrodynamic diameters of 56 + 1 and
67+ 2 nm, respectively. The AuNPs-WSCS-DOTA-BBN showed optimum in vitro stability
in biologically relevant solutions. The targeted AuNPs showed selective affinity toward GRP
receptors overexpressed in prostate cancer cells (PC-3 and LNCaP).

Discussion: The AuNPs-WSCS-DOTA-BBN displayed cytotoxicity effects against PC-3
and LNCaP cancer cells, with concomitant safety toward the HAECs normal cells. The
AuNPs-WSCS-DOTA-BBN showed synergistic targeting toward tumor cells with selective
cytotoxicity of AuNPs towards PC-3 and LNCaP cells. Our investigations provide compel-
ling evidence that AuNPs functionalized with WSCS-DOTA-BBN is an innovative nanome-
dicine approach for use in molecular imaging and therapy of GRP receptor-positive tumors.
The template synthesis of AuNPs-WSCS-DOTA-BBN serves as an excellent non-radioactive
surrogate for the development of the corresponding '"® AuNPs theragnostic nanoradiophar-
maceutical for use in cancer diagnosis and therapy.

DOTA-bombesin,
nanoradiopharmaceutical, prostate cancer

Keywords: gold  nanoparticle,  water-soluble  chitosan,

Introduction

Green nanotechnology is a promising approach for biomedical applications, such as
drug delivery systems, imaging, and therapy.' Functionalized nanosized particles,
due to their size and selective affinity towards tumor cell receptors, possess

attractive capabilities to detect, image, or treat tumors/cancers at cellular levels.*
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Gold nanoparticles (AuNPs) have gained considerable
prominence in clinical applications over other metallic
nanoparticles primarily because of their biocompatibility’
relatively lower-toxicity,® favorable physio-chemical,” and
optical properties.® Additionally, AuNPs are capable of
strong and tunable attenuation of light that provide unique
capabilities for the conversion of light to heat — photo-
thermal therapy, and also in the attenuation of X-rays —
radiation therapy.” Due to these properties, AuNPs have
been proposed as contrast agents in X-ray computed tomo-
graphy (CT) and also as anticancer drug nanocarrier agents
for both diagnosis and therapy.'® Another example where
AuNPs continue to gain prominence over other types of
metallic/non-metallic nanoparticles is their ability to serve
as dual diagnostic and therapeutic agents, thus opening an
attractive new avenue of theragnostic in medicine.

Recent investigations by Katti et al have demonstrated
the realistic potential of radioactive counterparts of gold
metal (such as '*®Au and '°’Au isotopes) and particularly
their nanoparticles (‘**AuNPs) for use as ideal nanoplat-
their
nanoradiopharmaceuticals.

forms  for applications as  theranostic

113 The of
a ready-to-use nanoplatform, for the green synthesis of

development

tumor-targeted AuNPs, is an important strategy toward
cancer cell-targeted AuNPs to achieve reduced side
effects. The use of engineered AuNPs, having sizes ran-
ging around 85-100 nm, with capabilities of penetrating
leaky and porous tumor vasculatures (200-350 nm)—
would enable homogenous distribution of therapeutic/
diagnostic doses within tumor microenvironment and
thereby allow uniform tumor dosimetry.'? It is known
that AuNPs, based on their size, would provide several
thousands of gold atoms on their surface. Therefore, if the
specific targeted AuNPs are administered into cancer
patients, functionalized AuNPs efficiently deliver optimal
therapeutic payloads within cancer cells causing effective
treatment as compared to free Au ions.

Numerous techniques have been used to prepare
AuNPs, which
sonochemical,'” photochemical,'® and radiochemical'’

include chemical reduc‘[ion,14
syntheses. In recent years, research on the synthesis of
nanoparticles using “zero carbon emission” green nano-
technology has gained considerable prominence.'®"
AuNPs production through green nanotechnology involves
the application of high-antioxidant capacity phytochem-
icals as reducing agents to transform gold salts (Au’")
into their corresponding nanoparticles (Au”) encapsulated

with phytochemicals. In this context, plant extracts,

alginate,”' chitosan,* high-oxidant natural chemicals,"
silk fibroin polypeptide23 and starch®* have been reported
as dual reducing and stabilizing agents for the production
of gold nanoparticles.””> However, biomacromolecules
themselves exhibit low reactivity to reduce metal ions to
their corresponding metallic nanoparticles because of their
inherently high molecular weight, low solubility, low anti-
oxidant activity and low electronegativity. The molecular
chain and size reduction including chemical modification
has been reported aimed at improving the solubility of
chitosan and also for enhancing antioxidant as well as
reducing capacities.”>***’ Breaking down the glycosidic
linkage between the successive monomers generates addi-
tional active sites which subsequently scavenge the free
radicals. The short-chain chitosan effectively improves its
antioxidant activity due to the provision of sufficient spa-
tial extent to form a regular helical structure exposing
more hydroxyl groups to the surface of its helical struc-
ture—thus resulting in effective bioactivity.*®

We have developed water-soluble chitosan (WSCS)
nanocolloids with the sole objectives of capitalizing on
their antioxidant activity as well as in taking advantage of
high reducing power to produce functionalized AuNPs
CS
D-glucosamine and N-acetyl-D-glucosamine linked by f

for  biomedical  applications.'’ comprises
(1, 4)-glycosidic linkages. It also exhibits good biocom-
patibility, biodegradability, low toxicity, and multiple
chemical functionalities which can be used to bind to
target specific peptides as well as for encapsulation
around AuNPs. The amino (-NH,) and hydroxyl (-OH)
groups of CS show strong metal ion chelation, antimicro-
bial and antioxidant properties.?’ Chitosan’s antioxidant
or reducing —OH, —NH,, and —COOH groups serve as
reservoirs of electrons for the transformation of metal
salts into their corresponding nanoparticles. The high
electron density of electron lone pairs is afforded through
the nitrogen and oxygen atoms in the -NH,, —OH, and —
C—0O—C-including C=0 functions, WSCS effectively sta-
bilizes the highly cationic AuNPs surface to prevent their
agglomeration.”” It is quite clear that WSCS plays an
important role as a reducing agent; however, the exact
mechanism of the reduction process has remained
unclear. Previous reports have suggested that -OH and -
NH, groups of CS would serve as effective reducing
agents through electron transfer or hydrogen atom trans-
fer mechanisms.”?’>° CS is well known for its strong
metal-ion chelating ability as it has been reported for its
natural product antioxidant properties in the deactivation
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of catalytic activity of various metal ions.?’ It is also
important to note that glucose is a reducing sugar, and it
has been used as a reducing agent in the preparation of
metal nanoparticles. Chitosan is a polysaccharide and
when it is hydrolyzed or depolymerized, it will result in
smaller units such as D-glucosamine, a derivative of
glucose.’! In this work, we have used WSCS as a low
molecular weight fragment of CS, prepared from the
Our
encompassed utilizing the reduction ability of glucose

radiation-induced  depolymerization. approach
and other functionalities of WSCS. For example, the -
CH-OH (at C-3), -CH,-OH (at C-6), and -NH, (at C-2)
groups within the molecular framework of CS may also
act as reducing groups in the formation of AuNPs.
Therefore, WSCS nanocolloids represent promising
water-based biopolymers exhibiting extraordinary antiox-
idant, reducing, and stabilization abilities—all offering
innovative “Zero Carbon Emission” template domain for
the effective synthesis of stable AuNPs in neutral media
for biomedical applications.

In order to achieve effective targeting of AuNPs
toward tumor cell receptors, it is essential to decorate
AuNPs with specific peptides possessing well-defined
tumor cell specificity and selectivity. Bombesin (BBN) is
a l4-amino acid peptide showing high affinity for the
gastrin-releasing peptide (GRP) receptors, which are over-
expressed in breast, prostate, non-small cell lung cancers,
and a host of mammalian tumors.*” Recently, BBN labeled
with radioisotopes, such as PmTe. and *%Ga, have been
used for the development of tumor-targeted Single Photon

4
3334 45 well as

Emission Computed Tomography (SPECT)
Positron Emission Tomography (PET)* molecular ima-
ging agents. BBN functionalized on AuNPs has been
reported to increase uptake efficiency through targeting
of the GRP receptors overexpressed in prostate tumor.’
BBN with Lys1Lys3 (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid chelator,
DOTA) (DOTA-BBN) has been developed for labeling
radioisotopes, such as %Cu and Y u, for clinical
translation.’**” DOTA-BBN conjugated onto trimethyl
chitosan has been proposed for subsequent conjugation
with
(SPIONS) for applications as magnetic resonance imaging

conjugated

superparamagnetic iron oxide nanoparticles
(MRI) for breast cancer diagnosis.38 Overall, the afore-
mentioned approaches allow the creation of targeted
nanoradiopharmaceuticals to enhance diagnostic and ther-
apeutic efficacies of various types of human cancers with

minimal side effects to surrounding normal cells/tissues.

The unique chemical architecture of the nanomedicine
agent, as described herein, highlights an innovative tem-
plate synthesis of prostate tumor cells receptor-targeted
gold nanoparticles (AuNPs) with optimum in vitro stabi-
lity. We show that prostate tumor avidity is afforded
through conjugation of water-soluble chitosan (WSCS)
with the bombesin (BBN) peptide which has selective
affinity towards gastrin-releasing peptide (GRP) receptors
in vivo that are overexpressed in prostate carcinoma.
AuNPs-WSCS-DOTA-BBN are synthesized through an
ingenious redox pathway, which uses the high antioxidant
capacity of chitosan to inject electrons into the gold pre-
cursor to produce water-soluble (WSCS) encapsulated
gold nanoparticles in 100% reproducible reactions. The
fact that our process does not require any external redu-
cing agent or chemicals to stabilize nanoparticles against
agglomeration, in the production of AuNPs-WSCS-DOTA
-BBN, is a substantive departure from traditional nanopar-
ticle production schemes. WSCS serves multiple roles of
a chemical reductant, encapsulant to stabilize AuNPs, and
provides an ideal platform to combine the therapeutic
power of AuNPs with the targeting abilities of the con-
jugated bombesin peptide—all within the new nanomedi-
cine agent AuNPs-WSCS-DOTA-BBN. In this paper, we
describe (i) the conjugation of DOTA-BBN peptide with
the water-soluble chitosan biopolymer nanocolloids; and
(i1) details on the successful optimization of the template
synthesis and characterization of BBN conjugated targeted
AuNPs. Additionally, we describe: (a) New protocols for
DOTA-BBN-
conjugated-WSCS products; (b) Long-term shelf life sto-

characterizing and quantifying the
rage; (c¢) Specific targeting characteristics and cellular
internalization of AuNPs-WSCS and AuNPs-WSCS-
DOTA-BBN toward two types of human prostate cancer
cell lines (PC-3 and LNCaP); and finally (d) Cytotoxic
effects of AuNPs on prostate carcinoma cells with details
on nonspecific uptake AuNPs-WSCS for possible toxic
effects.

Materials and Methods

Chemicals and Materials. Chitosan with a percent degree
of deacetylation (%DD) of 80 (M,, = 258,800 Da) was
obtained from Sea fresh Chitosan (Lab) Co. Ltd.
(Thailand). LyslLys3  1,4,7,10-tetraazacyclododecane
-1,4,7,10-tetraacetic acid)-Bombesin 1-14 (DOTA-BBN)
was obtained from CSBio Co., Ltd. (USA). 1-Ethyl-3-(3'-
dimethylaminopropyl) carbodiimide hydrochloride (EDC)
was acquired from Tokyo Chemical Industry (TCI) Co.,
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Ltd. (Japan). N-Hydroxysuccinimide (NHS) was obtained
from Tokyo Kasei Kogyo Co., Ltd. (Japan). Gold(III)
chloride solution (HAuCl,) was purchased from Sigma-
Aldrich Corp. (USA). Sodium hydroxide (NaOH) was
bought from Carlo Erba Reagent (Italy) and acetic acid
(CH3;COOH) was purchased from Lab Scan, Co., Ltd.
(Thailand). Aqueous sulfur (S) standard solution
(1000 mg/L) with high purity of H,SO, and water was
purchased from Sigma-Aldrich Corp. (USA). Dialysis
membrane (MWCO =
Membrane Filtration Products, Inc. (USA). Bovine serum

1000Da) was purchased from

albumin (BSA) and human serum albumin (HSA) were
purchased from Sigma-Aldrich, (USA). DL-cysteine and
L-histidine were bought from Acros Organics. Sodium
chloride (NaCl) and phosphate buffer solutions (pH 5, 7,
and 12) were procured from Fisher Scientific (USA).
Roswell Park Memorial Institute Medium (RPMI), MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium
bromide)), dimethyl sulfoxide anhydrous (DMSO), wheat
germ agglutinin (WGA), and 1X Dulbecco’s Phosphate
Buffered Saline (DPBS) were obtained from Sigma-
Aldrich (USA). Fetal bovine serum and (FBS) and
TryplE were purchased from Gibco BRL (USA).
Paraformaldehyde (PFA) was bought from Electron
Microscopy Sciences. Gentamicin antibiotic was from
APP Pharmaceuticals LLC. Cell lines: prostate cancer
cells (PC-3, LNCaP) and human primary aortic endothelial
cells (HAECs) cells were obtained from the American
Type culture Collection (ATCC; Manassas, VA). PC-3
and LNCaP cells were maintained in 1X RPMI-1640
medium (ATCC® 30-2001™) supplemented with 25 mM
D-glucose, 10 mM HEPES, 1 mM sodium pyruvate, 17.8
mM sodium bicarbonate, 2 mM L-glutamine, and 10%
fetal bovine serum (FBS) and 14% gentamicin. HAEC
cells were maintained in Vascular Cell Basal Medium
(ATCC® PCS-100-030™) supplemented with Endothelial
Cell Growth Kit-VEGF (ATCC®™ PCS-100-0417™). All
pure water with a resistivity of 18.2 MQ cm was purified
by Milli-Q Academic purification set from Millipore.

Instruments and Characterization

Gamma irradiation was carried out using a ®°Co source
from Gamma Cell 220 irradiator with an absorbed dose
rate of 3.3 kGy/h. Chemical structure was characterized
using Fourier transform infrared spectrophotometer (FT-
IR) and FT-IR spectra were recorded by a Tensor 27
Bruker spectrophotometer with 32 scans at 2 cm™ ' resolu-
tion in a frequency range of 4000-400 cm'. The

elemental composition of the conjugated DOTA-BBN
was analyzed using scanning electron microscope with
energy-dispersive X-ray spectroscopy (SEM/EDX), FET
QUANTA 450 (Netherlands). Sulfur (S) standard addition
method was used for quantifying the amount of DOTA-
BBN conjugated on WSCS. The standard S solution with
different concentrations of 0, 0.02, 0.04, 0.06, 0.08 and
0.10 pg/mL were mixed with WSCS and WSCS-DOTA-
BBN solution (7.5 ug/mL, 25 pL) for preparing a set of
S standard concentrations. The set of sample solution
containing different S standard concentrations was
dropped onto copper grid for SEM-EDX measurement.
The UV-vis absorption spectra were observed by UV-vis
spectrophotometer using a 1-cm path length quartz cuvette
with Varian Cary 50 UV-Vis spectrophotometer, Shimadzu
(USA). Particle morphologies and sizes were observed by
transmission electron microscope (TEM) taken on JEOL
JEM-1400 TEM at 120 kV. The samples were centrifuged
at 15,000 rpm at 15°C for 15 mins. After spinning was
complete, the supernatant was removed and the solution
was brought to be an initial volume using deionized water.
The sample was sonicated before dropping onto a carbon-
coated copper grid (200 mesh x 125 pm pitch). The
samples were dried in ambient temperature before TEM
measurement. Hydrodynamic diameters and zeta ({) poten-
tials were measured using Zetasizer Nano S90, Malvern
Instruments Ltd. (USA). Powder X-ray diffraction (XRD)
patterns were collected between 51 and 451 26 in a Bruker
AXS (Germany) with CuKa radiation as an X-ray source
operating at 50 kV and 100 mA. Small angle X-ray scat-
tering (SAXS) was performed at a small/wide-angle X-ray
scattering beam line, BL1.3W, maximum photon energy of
9 keV with 165 mm diameter CCD (Mar SX165) and
Mar 345 Image Plate, supported by the Synchrotron
Light Research Institute (SLRI), Thailand. Elemental com-
position was characterized using X-ray photoelectron
spectroscopy (XPS) and was carried out at the photoemis-
sion spectroscopy (PES) beam line, BL3.2a supported by
SLRI, Thailand. Cellular internalization was investigated
using Confocal Laser Scanning Microscope from Leica
Microsystems (USA). Cytotoxicity studies were investi-
gated using SpectraMax M2 microplate reader from
Molecular Devices LLC (USA). Bright-Field CytoViva
Hyperspectral Microscopy (CytoViva, Inc. USA). In vitro
migration assay was observed using a microscope and
images were imported into cellSens Dimension digital
V2.3 (Olympus, Center Valley,

imaging software

PA, USA).
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Preparation of Water-Soluble Chitosan
Nanoparticles (WSCS)

WSCS was originally prepared according to the procedure
described in our previous work.”> Briefly, CS (10 g) in
aqueous acetic acid solution (1% v/v, 1000 mL) was y-rays
irradiated with an absorbed dose of 80 kGy under ambient
temperature in air. The samples were neutralized by pre-
cipitation in NaOH solution (1% w/v, 600 mL). The sam-
ple was dialyzed in a dialysis bag (MWCO = 1000 Da) in
deionized water for 24 h. After dialysis, the clear solution
was frozen and lyophilized to obtain water-soluble chito-
san nanoparticle (WSCS) powder and stored for further
characterization.

Bioconjugation of WSCS with
DOTA-BBN

WSCS (10 mg) was dissolved in deionized water and stirred
overnight to obtain clear solution of WSCS (1 mg/mL,
10 mL). EDC (1.14 mg, 1 mol equiv. to WSCS) was
added into DOTA-BBN (11.78 mg, 1 mol equiv. to
WSCS) in deionized water (1 mL). NHS (0.68 mg, 1 mol
equiv. to WSCS) was then added into the mixture. The
reaction was stirred in an ice bath for 15 min. The WSCS
aqueous solution (1 mg/mL, 1 mL) was added. The con-
jugation reaction was further carried out in an ice bath for 6
h. The sample was dialyzed (MWCO = 3500) in deionized
water at room temperature for 24 h with magnetic stirring.
The product was lyophilized to obtain conjugated product
of  WSCS-DOTA-BBN  and further
characterization.

stored for

One-Pot Template Synthesis of AuNPs

Using WSCS-DOTA-BBN

The WSCS and WSCS-DOTA-BBN powder was dis-
solved in deionized water and stirred overnight to achieve
homogeneous solution. A series of WSCS-DOTA-BBN
aqueous solution (0, 1.0, 2.0 and 4.0 mg/mL, 1 mL) was
mixed with HAuCl,; aqueous solution (1.0 mM, 1 mL).
The mixtures were left for 0, 24, 48, 72, and 96 h at room
temperature to obtain different AuNPs samples. Similarly,
A series of WSCS aqueous solution was mixed with
HAuCly aqueous solution at the same protocol. The UV-
vis absorption spectra of the AuNPs prepared in WSCS
and WSCS-DOTA-BBN aqueous solution were measured
using UV-vis spectrophotometer in the absorption range of
500-700 nm.

In vitro Stability Assessment of AuNPs

In vitro stabilities of the AuNPs-WSCS and AuNPs-
WSCS-DOTA-BBN were carried out in the biologically
relevant solutions: 1% NaCl, 0.5% DL-cysteine, 0.2
M L-histidine, 0.5% bovine serum albumin (BSA), 0.5%
human serum albumin (HSA), and phosphate buffer with
different pH values (pH 5, pH 7, and pH 12) including
deionized (DI) water. The AuNPs-WSCS-DOTA-BBN
aqueous solution was prepared using HAuCl; (1.0 mM,
10 mL) and WSCS-DOTA-BBN (3.0 mg/mL, 10 mL), and
the mixture was left for 72 h to obtain stationary state of
AuNPs-WSCS-BBN stock solution. The aqueous solution
of 1 mL AuNPs-WSCS-BBN (0.5 mM HAuCl, in 1.5 mg/
mL WSCS-DOTA-BBN) was added into each biological
fluid (1 mL). The mixtures were incubated for 24 h before
recording the UV-vis absorption spectra and their maxi-
mum absorption signals using UV-vis spectrophotometer.
The hydrodynamic diameters and zeta potentials of
AuNPs-WSCS-BBN were measured using DLS.

Cellular Internalization

The human prostate cancer cell line (PC-3 and LNCaP) was
seeded with a concentration of 4 x 10* cells/mL into 6-well
plates in media RPMI-1640 medium, allowed to adhere for
24 h in CO, incubator at 37°C. The AuNPs (50 pg/mL)
were added to cells and incubated at 37°C for 24 h. The cells
were washed twice with PBS, trypsin, and pelleted down by
centrifugation. The cell pellet was then washed with PBS
followed by fixation in 2% glutaraldehyde in sodium caco-
dylate buffer (0.1 M). The cells were further fixed with 1%
buffered osmium tetroxide in 0.1 M PBS for 1 h and then
dehydrated through a graded ethanol solution. The prepared
samples were examined on a confocal laser scanning micro-
scope. In addition, the sample was cut into thin sections
using a diamond knife (Diatome, Hatfield PA) and the
prepared samples were examined on TEM microscope.

Cytotoxicity of AuNPs

Human prostate cancer cell lines (PC-3 and LNCaP)
were sub-cultured in RPMI-1640 medium. HAECs were
cultured in Vascular Cell Basal Medium supplemented
with Endothelial Cell Growth Kit-VEGF. The cells were
stored in CO, incubator at 37°C in tissue culture flasks.
A concentration of 4 x 10* cells per/mL was seeded into
96-well plate. The cells were incubated overnight to
allow cells adherence onto the surface of the plate and
the medium was then removed. Thereafter, the cells were
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treated with different concentrations of AuNPs-WSCS-
DOTA-BBN (6.25, 12.5, 25, 50, and 100 pg/mL). The
samples were incubated for 24 and 48 h. Cellular
morphologies were investigated using bright-field micro-
scopy. After cellular investigation, MTT dye in PBS
solution (5 mg/mL, 10 pL) was added in to the cell
samples and incubated at 37°C for 3 h. After incubation,
the formed formazan crystals were dissolved using 100
pL of DMSO into the plates and the sample was further
incubated for 20 min. The absorbance of the plates was
read at a wavelength of 570 nm using SpectraMax M2
microplate reader. The chemotherapeutic drug cisplatin
was also used as a positive control.

In vitro Migration Assay (Wound-Healing

Assay)
The HAEC cells were suspended in growth medium
Vascular Cell Basal Medium supplemented with

Endothelial Cell Growth Kit-VEGF. The HAECs (4 x 10*
cells/well) were seeded in petri dishes and allowed to grow
up to 95% confluent monolayer. Wounds were created using
a sterile pipette tip by scratching on the monolayer. Cell
debris was removed by washing the cells twice with 1X
PBS. The HAEC cells were incubated with chemotherapeu-
tic drug cisplatin (positive control), growth medium (nega-
tive control), and treatment groups with AuNPs-WSCS and
AuNPs-WSCS-DOTA-BBN (50 pg/mL). The zone of
wound healing was observed at 24 h using a microscope.
Images were imported into cellSens Dimension digital ima-
ging software V2.3.

Results and Discussion
Conjugation of WSCS Biopolymer

Nanocolloid with DOTA-BBN
Our synthetic route of WSCS-DOTA-BBN nanocolloid
and its template synthesis of AuNPs are shown in
Scheme 1. As facilitated by the chemical structure of
WSCS, the —OH and —NH, groups of WCS react with -
COOH on DOTA-BBN. EDC interaction provides the
reactive ester intermediate species on DOTA, subsequent
interaction with the NHS generates a more stable NHS-
ester species. The NHS-ester species is used in reactions
with —NH; or —OH groups of WSCS to form stable amide
or ester bonds, respectively.

The DOTA-BBN can be conjugated onto WSCS using
the -NH, group present on C-2 or —OH group or at the C-6
and C-3 to form amide or ester linkages. Fourier transform

infrared (FT-IR) spectrum of WSCS-DOTA-BBN was
compared with that of DOTA-BBN and WSCS (See
Figure S1A in supporting Information). The characteristic
peaks at 890, 1034, 1080, 1396, 1562, 1630, 2900, and
3350 cm ' was found in the FT-IR spectrum of WSCS
attributed to the presence of pyranose ring, C—O—C bridge,
C-0, C-N, N-H, C=0, C-H, and O—H stretching bands!'?
(Figure S1A(a)). Compared with the FT-IR spectrum of
DOTA-BBN (Figure S1A(b)), the FT-IR spectrum of
WSCS-DOTA-BBN (Figure S1A(c)) revealed significant
new peaks at 1639 cm ™' due to a new amide bond forma-
tion between carboxylic acid group of DOTA and
the —NH, of the WSCS. Formation of the ester bond was
also evident through observations of a peak at 1728 cm™'
suggesting that DOTA-BBN is occurring through car-
boxylic acid group of DOTA and —OH group of WSCS.
The conjugation was further confirmed by the disappear-
ance of bands due to C—O on —CO-OH groups of DOTA at
1174 and 1199 cm™'
additional peaks around 713 ¢cm', due to the aromatic

after conjugation. Observation of

ring in the BBN, further inferred the conjugation of the
peptide. These FT-IR data provide compelling evidence of
the successful conjugation of DOTA-BBN onto WSCS. In
addition, conjugation often results in change of symmetry
due to the formation of new secondary amide (C=0, amide
VI) bonds as reflected through peaks at 528 cm ™' attribu-
table to a symmetrical C-N—C stretching vibration. The
conjugation results based on FT-IR evidence as described
above, indeed agreed well with a similar conjugation of
BBN onto dendrimer-folate®® and conjugation of BBN
onto poly (lactic-co-glycolic) acid nanoparticles via
amide bonds.*°

"H NMR spectrum of WSCS-DOTA-BBN is shown in
Figure S1B. The appearance of the characteristic peaks of
the DOTA-BBN was evident. The chemical shift at 7.1 ppm
was interpreted as a characteristic proton on the benzene ring
(—PhH-) at f position. The chemical shift at 8.3 ppm at
k position and 8.4 ppm at ¢ position of the proton at the
amide (—C(O)NH,) side group and the amide bond (—C(O)
NH-CH-) backbone were observed. WSCS presented all
characteristic peaks of the protons at C-1 to C-6 positions.
The degree of substitution (DS) of DOTA-BBN on WSCS
was calculated from DS (%) = (Iy.o/H-c)/(Ig.1/H-1) x100;
where H-c and H-1 are the selective protons on DOTA-BBN
and WSCS structures, respectively. The DS of DOTA-BBN
on WSCS was determined to be 5.85%.

In order to confirm the conjugation of DOTA-BBN
onto WSCS, the presence of sulfur (S) of the DOTA-
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Scheme | Possible nanostructured formation of AuNPs via template synthesis using DOTA-bombesin-conjugated-water-soluble chitosan nanocolloids affording targeting

functionality of AuNPs to GRP receptors on cancer cells.

BBN structure on the WSCS was measured using X-ray
photoelectron spectroscopy (XPS). XPS spectrum of
WSCS-DOTA-BBN showed a S,, peak of S (C-S-C) at
168 eV implying the presence of DOTA-BBN moiety on
the WSCS (Figure S2 in Supporting Information). Our
XPS results of DOTA-BBN conjugated on the WSCS
agree well with XPS results of BBN conjugated AuNPs
The high-resolution XPS
peak of the C;; region strongly attests to the presence of
N-C=0, C=0, C-0, C-N, and C-C and C-H—-all attrib-
uted to the conjugated BBN peptide.

as reported in the literature.’

Additional confirmation for the conjugation of DOTA-
BBN on WSCS has been obtained by measuring the pre-
sence of sulfur (S), due to the BBN structure, through
SEM-EDX analysis. The S peak was measured from sev-
eral focal areas under a long-time period measurement

with the SEM-EDX. Comparison of the EDX spectrum
of the WSCS; WSCS-DOTA-BBN, and DOTA-BBN
(Figure 1A(a-c)), respectively, showed a significant EDX
peak at an energy of 2.3 keV for the WSCS-DOTA-BBN
(Figure 1A(b)) as attributable to a characteristic K, X-ray
of S in the BBN structure compared to the WSCS (Figure
1A(a)). Quantification for the DOTA-BBN moieties, con-
jugated on the WSCS, was established using standard
addition techniques. A series of S standardization was
prepared for determining the amount of S in DOTA-BBN
present in the WSCS-DOTA-BBN sample (see Figure S3
in supporting information). The amount of DOTA-BBN in
the conjugated sample was found to be 32.95% (w/w). The
peak due to S and its weight percent found in the SEM-
EDX results demonstrated that DOTA-BBN was success-
fully conjugated with WSCS.
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Figure | DOTA-BBN peptide conjugated onto WSCS nanocolloids. (A) SEM-EDX spectra indicating sulfur elemental composition, (B) XRD patterns, (C) TEM images, (D)
particle size distribution calculated from TEM image (n = 200) and (E) hydrodynamic size from DLS of (a) WSCS, (b) WSCS-DOTA-BBN and (c) DOTA-BBN.

Powder X-ray diffraction (XRD) patterns of WSCS and
WSCS-DOTA-BBN have been recorded in the 20 angles
range of 5° to 80° (Figure 1B). The XRD profile of WSCS
shows broad peaks at 12.5 °, 21.5°, 30.2°, and 43.1° 20
(Figure 1B(a)). The peaks around 12.5 ° and 21.5° 20 are
related to crystal-I and crystal-Il of the inter- and intra-
molecular hydrogen bonding of chitosan structure.*'
Figure 1B(b) depicts the XRD pattern of WSCS-DOTA-
BBN. Significant appearance of a diffraction peak at 15.1°
implies the formation of a new crystal due to the conjugated
DOTA-BBN segment with concomitant decrease in the
crystal-I of WSCS structure at 12.5 © 26. In addition, sig-
nificant absence of the peak at 21.5° indicates the formation
of the conjugated DOTA-BBN thus implying obstruction of
hydrogen bonding formation in the crystal-II of WSCS.

Transmission electron microscopy (TEM) was used to
determine the morphology of WSCS (Figure 1C(a)) and
WSCS-DOTA-BBN (Figure 1C(b)). The particle dia-
meters of the WSCS and WSCS-DOTA-BBN biopolymer
nanocolloids were 10 + 2 and 52 + 10 nm (Figure 1D(a)
and D(b)), respectively. The TEM micrographs revealed
a low polydispersity, correlating well with the dynamic
light scattering (DLS) measurements. After conjugation
with DOTA-BBN, the hydrodynamic diameter (Dy) of
WSCS-DOTA-BBN became larger (86 + 2.03 nm) than
that of the original WSCS (49 £ 2.15 nm) (Figure 1E). The
zeta potential of the AuNPs formulations was near neutral.

The zeta potential of AuNPs-WSCS and AuNPs-WSCS-
DOTA-BBN was +1.67 mV and +1.49 mV, respectively.
Changes in the morphologies, particle sizes, Dy, and sur-
face charges, as observed, also support the successful
conjugation of the DOTA-BBN targeting peptide onto
WSCS.

Particle Morphologies and Sizes of AuNPs
The WSCS and WSCS-DOTA-BBB were used as biopolymer
nanocolloids template for stabilizing the Au(III) precursor and
for subsequent reduction of the Au(Ill) precursor to Au(0)
nanoparticles. The polymer nanocolloids template is expected
to control nucleation and growth including coalescence toward
the formation of AuNPs (Scheme 1). The WSCS and WSCS-
DOTA-BBN, capped on the surface of AuNPs, through elec-
trostatic interactions with the amino (-NH,), hydroxyl (-OH),
and carbonyl (C=0) groups of WSCS?* and their stabilization
behavior have been extensively described in the literature.**
Under almost neutral pH (pH 6.5-7.0) conditions, the Au(III)
coordinates on to the deprotonated WSCS main chain of the
biopolymer colloidal template. This phenomenon affects
AuNPs formation by limiting the amount of Au(IIl) atoms
coordinated on the glucosamine units.*>**

The morphologies and particle sizes including crystal
structure of the AuNPs were monitored using TEM,
SAXS, HR-TEM, and XRD. TEM images of AuNPs-
WSCS and AuNPs-WSCS-DOTA-BBN are shown in
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Figure 2A(a) and A(b), respectively. Most of the AuNPs, other shapes (eg, round triangle, diamond, rod, and hex-
as prepared in WSCS, exhibited spherical-like shape agonal) of AuNPs were also observed in minor quantities
(Figure 2A(a)). The AuNPs-WSCS-DOTA-BBN revealed especially with WSCS-DOTA-BBN colloid template
clear particle formation with several shapes (Figure 2A  (Figure S4 in supporting information). We infer that the
(b)). Although a majority of nanoparticles are spherical, coalescence of Au crystallites and chemical structural
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Figure 2 (A) TEM images and their close-up images, (B) particle size distribution calculated from TEM images (n = 200), and (C) SAXS scattering curves at 0 and 24 h of (a)
AuNPs-WSCS and (b) AuNPs-WSCS-DOTA-BBN. (D) Representative HR-TEM image and close-up image of the Au nanocrystal, showing the (I11) and (200) lattice planes.
(E) Representative XRD pattern of AuNPs as in (b).
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templates presumably results in the formation AuNPs with
different shapes. The varied shapes of AuNPs are often
influenced by polymer template effects comprising linear
peptide chain of BBN conjugated on pyranose ring as well
as through the polysaccharide chain in WSCS structure. It
has been reported that the adsorption of different chemical
species on the surface of AuNPs has a very dramatic effect
on the surface energy.** There is evidence that the forma-
tion and structure of smaller nanoparticles are dictated by
the ratio of the surface free energy to the total energy.*’ In
addition, by changing the surface energies of the crystal
faces, it is possible to tune the shapes of the particles.
Figure 2B shows the size distribution histogram of Au
core size of the AuNPs. The Au core size of AuNPs-
WSCS and AuNPs-WSCS-DOTA-BBN was 17 + 8§ nm
and 20 £ 7 nm (Figure 2B(a) and B(b)), respectively.

The Au-core size was estimated based on the scattering
intensity data obtained from Small angle X-ray scattering
(SAXS). SAXS scattering curves of AuNPs, prepared in
WSCS and WSCS-DOTA-BBN, recorded at an initial state
and after 24 h of reaction are shown in Figure 2C(a) and
C(b), respectively. The radius of Au-core (R) can be cal-
culated from radius of gyration (R,) based on the Guinier
equation (R = Rg(5/3)1/2), where R, is an indicator for
observing how the mass of the particle is distributed
around its center of mass. According to SAXS scattering
data of AuNPs-WSCS (Figure 2C(a)) and AuNPs-WSCS-
DOTA-BBN (Figure 2C(b)), it was found that the Au-core
diameter of AuNPs-WSCS and AuNPs-WSCS-DOTA-
BBN was 18.25 and 24.06 nm, respectively. The Au-core
sizes observed from SAXS agreed well with the nano-
dimension and size as estimated from TEM images.

High-resolution TEM (HRTEM) allows resolving the
structure of the AuNPs. Figure 2D
a representative HRTEM image of Au nanostructure
obtained from the template synthesis using WSCS-DOTA-
BBN. The presence of the crystal lattice planes of the Au

atomic shows

nanocrystals provides evidence on the crystallinity of
AuNPs. To support the atomic structure of the AuNPs,
the XRD pattern of AuNPs-WSCS-DOTA-BBN is shown
in Figure 2E. The XRD pattern of AuNPs-WSCS-DOTA-
BBN exhibited characteristic diffraction peaks at 38.3°,
44.3°, 64.5°, and 77.9° that can be indexed to the (111),
(200), (220), and (311) Bragg’s reflections of face-centered
cubic (fec) structure of metallic Au. This pattern indicates
typical pure nanocrystals in AuNPs and the XRD patterns
matched well with the JCPDS file No. 04-0784.%° The
aforementioned results, taken

together, provide

unequivocal evidence that the AuNPs in AuNPs-WSCS-
DOTA-BBN conjugate are indeed crystalline in nature.

SEM-EDX investigations were further performed in
order to confirm that the presence of BBN targeting pep-
tide on the backbone of AuNPs. SEM-EDX provides mor-
phology and elemental composition for mapping. The
SEM-EDX image and their nanoscale elemental mapping
of the AuNPs-WSCS-DOTA-BBN are shown (Figure 3).
Au elemental mapping indicated a characteristic spectrum
of Au L, X-rays at 9.711 keV, whereas S elemental map-
ping was marked by characteristic spectrum of S K,
X-rays at 2.309 keV. The red color profile reveals the
presence of Au element (Figure 3B), while the green
profile indicates the presence of S element (Figure 3C) in
the BBN structure. As shown in Figure 3D, the AuNPs
containing S element on their surface implies that the BBN
targeting peptide was anchored with the AuNPs through
the WSCS-DOTA-BBN template.

Optimization of AuNPs Formation in

WSCS and WSCS-DOTA-BBN

The effects of the concentrations of WSCS and WSCS-
DOTA-BBN biopolymer nanocolloids template on the for-
mation of AuNPs were evaluated through the characteris-
tic surface plasmon resonance (SPR) using UV-vis
absorption measurements (Figure 4). The AuNPs were

Figure 3 WSCS-DOTA-BBN covering on the surface of AuNPs observed from
SEM-EDX. (A) SEM image, (B) Au, (C) S and (D) mixed Au and S mappings of the
AuNPs-WSCS-DOTA-BBN.
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synthesized using 0.5 mM HAuCl, in the presence of
various concentrations (0.5, 1.0, 1.5 and 2.0 mg/mL) of
WSCS and WSCS-DOTA-BBN in aqueous solutions. The
formation of AuNPs was inferred by their SPR absorptions
in the UV-absorption wavelength range of 530-540 nm
which is characteristic of nanoparticulate gold formation
(see Figure S4(A) in supporting information). The concen-
tration of biopolymer nanocolloids template has
a significant influence on the formation of AuNPs.
Increases in the WSCS and WSCS-DOTA-BBN concen-
trations resulted in increases in the SPR absorption. The
physical appearance, corresponding to each concentration,
is also presented below through relative plots. More
intense pink color was attributed to high UV absorption
intensity. The SPR absorptions subsequently level off
when the concentrations reached saturation. The changes
of UV extinction coefficients (absorption intensities) indi-
cate the concomitant changes in the yields of AuNPs
produced in each of the systems. The yield and the num-
bers of AuNPs increased by increasing the concentration
of biopolymer nanocolloids template, acting as reducing
and stabilizing agents, used in the reactions. The SPR
absorption of AuNPs, prepared via WSCS and WSCS-
DOTA-BBN, remained in steady state within the concen-

tration ranges of 1.0-1.5 mg/mL. These experimental
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results suggested that the optimum concentrations of bio-
polymer nanocolloids template were in the range of 1.0 to
1.5 mg/mL. The SPR adsorption of AuNPs, prepared via
WSCS-DOTA-BBN (Figure 4A(b)) was lower than that of
AuNPs prepared in WSCS (Figure 4A(a)). It may be noted
that the conjugation of BBN onto polyethylene glycol
(PEG), capped on AuNPs, changes the SPR of AuNPs to
red shift or a longer wavelength. BBN binding changes the
local environment thus resulting in significant changes in
SPR absorption of PEG-AuNPs.*’

The Dy and zeta potential of AuNPs, prepared using
various concentrations of WSCS and WSCS-DOTA-BBN,
were measured using DLS (Figure 4A). The Dy increased
with increasing reaction time. The Dy of AuNPs-WSCS-
DOTA-BBN was 42+ 1,62+2,67+2, and 116 £ 5 nm at
concentrations of 0.5, 1.0, 1.5 and 2.0 mg/mL, respectively
(Figure 4A(b)). In contrast, the Dy of AuNPs-WSCS was
slightly smaller (Figure 4A(a)). The Dy of AuNPs-WSCS-
DOTA-BBN was higher due to the conjugated BBN
hydrophilic segment capped on the AuNPs surface.
A similar result has been noted for lysozyme-albumin
and BBN coated AuNPs.*®

Surface charges of AuNPs in WSCS and WSCS-DOTA
-BBN were evaluated in order to gain insights on physio-
chemical characteristics of various functionalized AuNPs
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Figure 4 Effects of (A) polymer template concentration and (B) reaction time on the AuNPs formation in (a) WSCS and (b) WSCS-DOTA-BBN observed via UV-Vis
absorption intensities at A, and corresponding physical appearance (bottom), hydrodynamic sizes, and zeta potentials.
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(Figure 4A). At 1.5 mg/mL, the zeta potentials of AuNPs-
WSCS and AuNPs-WSCS-DOTA-BBN were measured in
the range of +20 to +30 mV implying incipient stability.
The positive zeta potential of AuNPs in both WSCS and
WSCS-DOTA-BBN solution may be due to an intrinsic
surface charge on the AuNPs. Typically, AuNPs have zeta
potential greater than +20 mV or less than —20 mV exhi-
biting sufficient electrostatic repulsion to remain stable in
the solution.*” With the peptide conjugation, WSCS-
DOTA-BBN nanocolloids template exhibited zeta poten-
tial close to neutral. Therefore, it appears that the surface
charge of AuNPs-WSCS-DOTA-BBN is compensated by
the BBN peptide conjugated WSCS that are capped on
AuNPs. A similar observation has been noted in the case
of AuNPs conjugated with the tumor necrosis factor
(TNF). The surface charge on the naked AuNPs was —38
mV and the zeta potential shifted to —34.55 mV upon
conjugation with TNF.>

The effect of reaction times (0-96 h) on the formation of
AuNPs was also studied as shown in Figure 4B. The absorp-
tion intensity (extinction coefficient), as found in the UV-
vis spectra, increased when the reaction times increased
(see Figure S5 in supporting information). At 24 h, the
SPR absorption and the Dy of AuNPs was quite low and
was not observed (Figure S5(A) and (B)). When the reac-
tion durations increased to 48 h, the UV-vis absorption
intensities increased significantly. Plots of the reaction
times against the UV-vis absorption, Dy and zeta potential
are shown in Figure 4(B). The SPR intensity of AuNPs-
WSCS significantly increased at 48 h with increases in the
reaction time periods from 48 to 96 h (Figure 4B(a)). For the
AuNPs-WSCS-DOTA-BBN, the SPR intensity was very
high at 72 h and reached a steady state within the reaction
time periods of 72-96 h (Figure 4B(b)). The Dy of AuNPs-
WSCS and AuNPs-WSCS-DOTA-BBN were 40-50 nm
and 60—80 nm within the reaction times of 48-96 h. The
zeta potentials of AuNPs-WSCS were around +25 to +30
mV. For AuNPs-WSCS-DOTA-BBN, the zeta potentials
were around +25 mV. The zeta potential of AuNPs-WSCS
and AuNPs-WSCS-DOTA-BBN provides information on
the stability of nanoparticles dispersion within the studied
reaction times of 24-96 h. As the zeta potential indicates the
quantum of repulsive forces that are present, the magnitude
of measured zeta potential can be considered to predict the
long-term stability of nanoparticulate dispersions.

A systematic optimization of AuNPs, with optimal
hydrodynamic sizes (Dy of ~70 nm) for applications in
nanomedicine, has been successfully achieved through the

WSCS-DOTA-BBN  polymer nanocolloids template
(1.5 mg/mL) using HAuCl, as the precursor (0.5 mM)
and employing a reaction time of 72 h. The Dy of AuNPs-
WSCS (ca. 60 nm) and AuNPs-WSCS-DOTA-BBN (ca.
70 nm) are approximately 3 times larger than that of the
Au-core size of AuNPs (~18 and ~22 nm) as determined
by TEM and SAXS. This data also suggests that the
AuNPs were coalesced and wrapped within the WSCS
and WSCS-DOTA-BBN polymer nanocolloid template as
through SEM-EDX measurements
(Figure 3). The particle sizes of AuNPs capped with
WSCS-DOTA-BBN were in the range of optimum particle
sizes (10100 nm).”"’

The interrelationship between reaction durations on the

also confirmed

overall long-term in vitro stability of AuNPs for long-term
storage applications was investigated. Detailed SPR inves-
tigations through UV spectroscopy have inferred that
AuNPs in WSCS-DOTA-BBN, synthesized through reac-
tion durations of 72 h, maintain long-term stability for
over 1 week under room temperature and 5°C. Full details
on the long-term stability of AuNPs at different time
points (1 h up to 6 months) were analyzed by monitoring
the SPR using UV-visible spectroscopy (see Figure S6 in
supporting information).

Vitro Stability of AuNPs in Biological
Media

Metallic nanoparticles are susceptible to agglomeration
in biological fluids. Due to the surface properties of
AuNPs, agglomeration generally happens in biological
media under the in vitro and in vivo profiles. We have
therefore investigated the in vitro stability of AuNPs in
various biologically relevant solutions at different pH
using buffer solutions. The in vitro stability of AuNPs-
WSCS and AuNPs-WSCS-DOTA-BBN was performed
in a set of biological fluids (1% NaCl, 0.5% Cys, 0.2
M His, 0.5% BSA, 0.5% HSA, and buffer with pHs of
5, 7, and 12) as shown in Figure 5A(a-i) and 5B(a-i),
respectively. The in vitro stability was monitored via
changes of the maximum wavelength (A.x) and Dy,
zeta potentials after 24 h.%> The Dy of AuNPs-WSCS
(Figure  5(A)) AuNPs-WSCS-DOTA-BBN
(Figure 5 (B)) were 120-170 nm when incubated in
DI (pH 5.5), Cys (pH ~5.0-5.5), His (pH ~7.0-7.5),
BSA (pH ~5.8-7.5), and HSA (pH 5.5-7.5) and phos-
phate buffer solutions at pH 12. The surface charge

and

changed to near neutral (+5 to +10 mV) because of
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Figure 5 In vitro stability of (A) AuNPs-WSCS and (B) AuNPs-WSCS-DOTA-BBN
in biological relevant solutions: (a) DI, (b) 0.5% Cys, (c) 0.2 M His, (d) 0.5% BSA, (e)
0.5% HSA, (f) 1% NaCl, (g) PBS pH 5, (h) PBS pH 7, and (i) PBS pH 12 after
incubation for 24 h.

the charge differences present at the surface of AuNPs
and the surrounding media. There is compensation of
the positive charge of the proteinogenic amino acids
and protein-based biological fluids. Therefore, the sta-
bility of AuNPs was somewhat reduced in such biolo-
gical fluid. In NaCl (1%, pH ~7) and phosphate buffer
at pH 5 and pH 7 (Figure 5A(f-h) and 5B(f-h)), the
zeta potential also changed to +5 mV and the AuNPs-
WSCS (~500-1700 nm) and AuNPs-WSCS-DOTA-
BBN (~500-750 nm) became bigger because of particle
agglomeration. In the PBS buffer pH 12 (Figure 5(i)),
the particle size of AuNPs was ~150 nm and the zeta
potential was +25 mV presumably because of the com-
petition of the negative charge of the media and the
cationic AuNPs, to compensate for the zeta potential to

be more positive, thus resulting in reduced agglomera-
tions. The above results confirm that agglomeration
process of the AuNPs depends on the surface charge,
chemical composition, and on the pH of the surround-
ing media.

Cellular Internalization

Development of cancer receptor-specific AuNPs will allow
efficient targeting/optimum retention of engineered AuNPs
within tumors and thus provide synergistic advantages in
oncology as it relates to molecular imaging and therapy. In
this work, we have used BBN peptide with well-
established high affinity toward GRP receptors that are
overexpressed on prostate cancer as well as breast, and
small-cell lung carcinoma.*® Two types of prostate carci-
noma cell lines (PC-3 and LNCaP) were used as represen-
tative high and low GRP receptor expressing cells,
respectively.”® In order to prove the affinity of the AuNPs-
WSCS-DOTA-BBN toward GRP receptors on prostate
cancer cells, cellular internalization assays were performed
using confocal microscopy and TEM.

Figure 6 shows confocal microscopic and TEM images
of the PC-3 cells after exposing them with AuNPs. It is
well-known that human prostate tumor PC-3 cells exhibit
a large density of GRP receptors on the surface of the
cells.>® Therefore, we are interested in investigating the
ability of the AuNPs, capped using the DOTA-BBN con-
jugated WSCS nanocolloids template, to target GRP
receptors and subsequent internalization into the targeted
cancer cells. Figure 6(A-C) shows the fluorescence micro-
graph depicting the cell cytoplasm, nuclei, and AuNPs
indicated in green (515 nm), blue (450 nm), and yellow
(561 nm) channels, respectively. Figure 6A shows the PC-
3 control group (no treatment), while Figure 6B and
C shows PC-3 with AuNPs-WSCS and AuNPs-WSCS-
DOTA-BBN treatment, respectively. High magnification
of cellular internalization indicated presence of
a significant amount AuNPs in the PC-3 cells (see (a),
(b), and (c) positions in Figure 6). After 2 h treatment, the
AuNPs-WSCS-DOTA-BBN, as indicated in yellow, were
mostly observed outside the PC-3 cells (data not shown)
and some of them were taken into the cell cytoplasm.
After incubation for 6 h, a significant amount of AuNPs-
WSCS-DOTA-BBN was internalized into the PC-3 cells
and localized in the cytoplasm without disturbing the
nucleus (Figure 6C). Some amount of AuNPs-WSCS with-
out DOTA-BBN conjugate (Figure 6B) was also found in
the PC-3 cells. This may be due to small particle sizes of
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Figure 6 AuNPs depicting internalization into the representative PC-3 prostate cancer cells. (A) Confocal microscopic images of PC-3 cells: (A) without treatment, (B)
treated with AuNPs-WSCS, (C) treated with AuNPs-WSCS-DOTA-BBN at 6 h, and their corresponding close-up images (bottom) at (a), (b) and (c) positions. (D)

Representative TEM images and close-up morphologies of (C) condition.

both AuNP derivatives allowing them to enter the cells.
of AuNPs-WSCS-DOTA-BBN
tumor cells is rationalized in terms of selective and has
a natural affinity to bind to the GRP receptors of PC-3
cells thus resulting in significant cell internalization.
However, it is also important to note that AuNPs-WSCS,
without the peptide conjugate, also showed their ability to

The endocytosis into

enter into the PC-3 cells. This may be due to the cationic
characteristic of chitosan, which exerts advantages as
a desirable drug carrier due to the enhanced adhesion to
the negatively charged mucosal cellular surface, by elec-
trostatic interaction, resulting in drug internalization into
the targeted cells.”® Therefore, the synergistic effects of
WSCS function may be beneficial to enhance the targeting

ability of AuNPs with the cell surface leading to optimum
endocytosis and thereby help in achieving enhanced ther-
apeutic efficacy.

Selective GRP receptor-mediated endocytosis AuNPs-
WSCS-DOTA-BBN, within prostate cancer cells, has been
unequivocally corroborated through TEM images of cell inter-
nalization of AuNPs in to PC-3 cells (Figure 6D). TEM
images showed a significant amount of AuNPs within PC-3
cells. The TEM images were also used to gain insights on the
morphology and in vitro stability of targeted AuNPs in tumor
cells. The nanostructured morphology and particle size of
AuNPs (~20 nm) (Figure 6) are very similar to the native
AuNPs as depicted in Figure 2. The internalized AuNPs
were found to be intact with clear morphology thus confirming
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the high in vitro stability of AuNPs-WSCS-DOTA-BBN
within the tumor microenvironment. The AuNPs-WSCS-
DOTA-BBN also targeted the receptors on LNCaP cell (see
Figure S7 in supporting information); however, the extent of
endocytosis appears to be significantly lower as compared
with the PC-3 cells. The uptake of AuNPs in PC-3 cells is
predominantly due to the surface chemistry of the targeted
AuNPs correlating to the number of GRP receptor on the
cells.® Moreover, PC-3 cells express 500-fold more protein
receptors with relatively higher GRP receptors than LNCaP
cells. GRP receptors immunoreactivity is associated with
Gleason score, thus making PC-3 cells as models for highly
aggressive prostate cancers as compared to LNCaP cells.”” >’
Additionally, PC-3 and LNCaP cells represent ideal models
for studying GRP receptor-mediated molecular targeting,
attributed to their GRP receptor differential expression levels
(GRP receptor densities for PC-3 and LNCaP are 47,600 and
100 binding sites per cell, respectively). The lower densities of
GRP receptors in LNCaP corroborated well with our observa-
tions of lower cellular internalization of the AuNPs-WSCS-
DOTA-BBN as compared with the PC-3 cells.®* %

In general, NPs are taken up from the cell surface
through endocytosis and confined to the endosome
(Scheme 1). This can occur through either receptor-
mediated endocytosis, which are expected for the tar-
geted AuNPs, or through pinocytosis that are known for
the nonfunctionalized AuNPs. It is also important to
recognize that the particles can avoid the endosomal
pathway by being taken up directly into the cytosol
using cell-penetrating peptides. However, the BBN pep-
tide is not a cell-penetrating peptide. All of these obser-
vations, taken together, we infer that the AuNPs-WSCS-
DOTA-BBN are internalized within prostate tumor cells
through the receptor-mediated endocytosis mechanism.
The highly efficient cellular uptake of these AuNPs
demonstrates GRP receptor affinity and selectivity,
thus validating our hypothesis on the creation of pros-
tate tumor-specific AuNPs via BBN peptide conjugated
WSCS biopolymer nanocolloid template.

Cytotoxicity Studies of AuNPs Against

Prostate Cancer

The cellular morphological integrity of the untreated and
treated cancer cells (PC-3 and LNCaP) with the AuNPs-
WSCS and AuNPs-WSCS-DOTA-BBN (50 pg/mL) under
in vitro conditions were investigated through bright-field
microscopy at post-incubation periods of 24 and 48

h. Analysis of the effects of AuNPs on cell morphology
indicates that morphological shapes of PC-3 and LNCaP
cells were drastically changed in a time-dependent fashion
(see Figures S8 and S9 in supporting information).
Cellular density of the PC-3 and LNCaP decreased,
while cellular debris representing cell death was prevalent.
The cellular images strongly indicate evidence of apopto-
tic events, which include surface detachment, deformation
of cell bodies, cellular shrinkage and blebbing, nuclear
condensation, and nucleus fragmentation. These morpho-
logical changes suggest a point-of-no-return apoptotic can-
cer cells destruction. For example, PC-3 and LNCaP cells
were detaching themselves from the surface and changing
to a round shape in the treatment groups when observed at
24 h. Increasing the time of incubation showed concomi-
tant increases in the number of cancer cells death. It may
be noted that cell apoptosis was more significant when
AuNP nanoconjugates of BBN peptide (AuNPs-WSCS-
DOTA-BBN) were used as compared to the non-BBN
conjugate: AuNPs-WSCS. In all these experiments, the
untreated cancer cells (used as controls) proliferated at
normal pace; whereas the treated cancer cells were com-
pletely destroyed.

In order to further evaluate the target-specific effective-
ness of the BBN biofunctionalized AuNPs with GRP recep-
tors of PC-3 and LNCaP cells, their specific interaction and
cytotoxicity with cells has been investigated. BBN peptide
has a high affinity to GRP receptors that are overexpressed
on prostate cancer cells. It is therefore important to ascertain
if the BBN peptide functioned on AuNPs-WSCS-DOTA-
BBN would still maintain its GRP receptor specificity. For
this, we have first studied the cytotoxicity of AuNPs using
two types of prostate carcinoma cell lines under in vitro
conditions through a colorimetric cell-viability (MTT)
assay. In this study, only the viable cells are capable to
metabolize a dye (3-(4,5-dimethylthiazol-2-yl)-2,5 diphe-
nyltetrazolium bromide) to produce purple colored crystals
which were then dissolved with DMSO and analyzed by
spectrophotometry. This experiment was performed using
a wide range of AuNPs concentrations (0, 12.5, 25, 50, and
100 pg/mL) and the cells were incubated for 24 and 48
h before measurement. Cytotoxic effects of the AuNPs-
WSCS (gray color) and AuNPs-WSCS-DOTA-BBN (yel-
low color) were observed through cell viability of the PC-3
(Figure 7A) and LNCaP (Figure 7B) cells in a dose-
dependence manner. At 24 h (Figure 7A(a) and 7B(a)), the
cell viability of PC-3 (=70%) was higher than that of
LNCaP (<70%). However, at a post-incubation time of 24

Nanotechnology, Science and Applications 2021:14

submit your manuscript 83

Dove


https://www.dovepress.com/get_supplementary_file.php?f=301942.zip
https://www.dovepress.com/get_supplementary_file.php?f=301942.zip
https://www.dovepress.com/get_supplementary_file.php?f=301942.zip
http://www.dovepress.com
http://www.dovepress.com

Nanotechnology, Science and Applications downloaded from https://www.dovepress.com/ by 143.107.255.190 on 04-Jun-2021

For personal use only.

Tangthong et al

Dove

h, with AuNPs-WSCS (gray color) and AuNPs-WSCS-
DOTA-BBN (yellow color), both types of prostate cancer
cells showed higher viability than the control tumor cells.
For PC-3 cells, after 48 h incubation, the AuNPs-WSCS and
AuNPs-WSCS-DOTA-BBN displayed the half maximal
inhibitory concentration (ICsy) values of 80.41 and 65.89
pg/mL (Figure 7A(b) and 7B(b)), respectively (see Figure
S10(A) in supporting information). Similar data demon-
strating the role of BBN targeting peptide were also
observed in the LNCaP cell lines (see Figure S10(B)). The
1Cs( value for AuNPs-WSCS is >100 ug/mL and ICs, value
of AuNPs-WSCS-DOTA-BBN was found to be 60.73 ng/
mL. At48 h, the ICsq values of AuNPs-WSCS-DOTA-BBN
against the PC-3 and LNCaP cell lines remained almost
identical. Our results, therefore, have demonstrated that
BBN peptide conjugated on the AuNPs-WSCS plays
a significant role in targeting the GRP receptor overexpres-
sion on the PC-3 and LNCaP cells as illustrated in Scheme
1. It is important to note that the surface charges of AuNPs
would exert significant influence on the ability of nanopar-
ticles for effective interaction with cancer cells. For exam-
ple, the cationic AuNPs can effectively bind the negatively
charged DNA of cancer cells. When DNA binds to highly
positive AuNPs, it wraps around the NPs ensuing topologi-
cal bending effects. This type of bending results in effective
DNA damage and complete destruction of cancer cells.®®

Our observations, as discussed above, corroborate with
various results from previous studies on the cytotoxicity
effects of AuNPs conjugated with various targeting mole-
cules, such as transferrin, folic acid, and aptamer, against
prostate cancers. For example, the cytotoxicity of negatively
charged polyethylene glycol AuNPs with the transferrin,
a serum glycoprotein, targeting ligands (AuNPs-PEG-TY)
and positively charged polyethyleneimine have been
reported. In this study, the AuNPs, with the folate-receptor
targeting ligands (AuNPs-PEI-FA) against the PC-3 and
LNCaP cells have been investigated.** It has been reported
that ICsy of AuNPs-PEG-Tf were 107 and 103 pg/mL and
ICso of AuNPs-PEI-FA were 120 and 110 pg/mL for PC-3
and LNCaP cells, respectively. In our investigations, as
discussed above, we have observed values of ICsq for
AuNPs-WSCS-DOTA-BBN as 65.89 and 60.73 pg/mL
against PC-3 and LNCaP cells, respectively. Our investiga-
tions further indicated that the BBN peptide conjugated
WSCS exhibited almost 2 times more toxicity to prostate
cancer cells than the previously reported transferrin conju-
gated PEG and folic acid conjugated PEIL In addition, the
aptamer peptide conjugated AuNPs have been proposed for
anticancer drug loading toward prostate cancer treatment.®
Also, the doxorubicin-loaded, prostate-specific membrane
antigen (PSMA) aptamer-conjugated AuNPs (10 uM),
exhibited lower cell viability of the targeted LNCaP cells
(50 + 6%) than the nontargeted PC-3 cells (71 + 6%) at 24
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Figure 7 Cellular viabilities of (A) PC-3 and (B) LNCaP cancer cells and (C) HAECs normal cells after treating with AuNPs-WSCS (gray histogram) and AuNPs-WSCS-

DOTA-BBN (yellow histogram) for (a) 24 and (b) 48 h.
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h.°® Previous studies have also suggested that with the
peptide targeted- and drug loaded-AuNPs, the cytotoxicity
effects toward the cancer cells can be enhanced.

In the current investigations, we have shown that, even
without drug loading, the viability of PC-3 and LNCaP
cells remained at ~70% and ~60% when treated with
AuNPs-WSCS-DOTA-BBN (ca. 25 pg/mL) at 24
h. Additional data from previous investigations include the
ICso of the curcumin-functionalized gold nanoparticles
(cur-AuNPs) which was found to be 280 pg/mL against
PC-3 cells at 24 h.”’

Overall, our investigations suggest that BBN conju-
gated on AuNPs-WSCS-DOTA-BBN exerts significant
targeting effects on GRP receptors overexpressed on PC-
3 and LNCaP cells. It is also noteworthy that the cytotoxi-
city effects, as observed on prostate carcinoma cells, for
both AuNPs-WSCS-DOTA-BBN and AuNPs-WSCS,
without any drug loading, may provide new avenues in
cancer therapy.

Cytotoxicity Studies of AuNPs Against

Non-Cancerous Cells

The cytotoxicity of AuNPs-WSCS and AuNPs-WSCS-
DOTA-BBN (50 pg/mL) was also evaluated using HAEC
cells—a non-cancerous cell line under in vitro conditions
using MTT assays. Cell viability results of HAECs after
treating with AuNPs-WSCS (gray color) and AuNPs-
WSCS-DOTA-BBN (yellow color) for 24 and 48 h are
shown in Figure 7C. Compared with cancer cells (PC-3
and LNCaP), HAEC cells showed significant higher cell
viability. The HAECs viability still remained almost
80-90% even at concentrations as high as 100 pg/mL. At
24 h, HAEC cells showed 78-82% and 85-89% viability
after treating with AuNPs-WSCS and AuNPs-WSCS-
DOTA-BBN within the concentrations of range of
12.5-100 pg/mL (Figure 7C(a)). When we increased the
incubation time to 48 h, cell viabilities of HAECs
remained almost identical with 78-88% and 82-90% for
AuNPs-WSCS and AuNPs-WSCS-DOTA-BBN, respec-
tively (Figure 7C(b)). These results suggest that normal
metabolic adaptation to cell growth and cell proliferation
of HAECs normal cells occur under the AuNPs environ-
ment even with increasing incubation times. Besides, dur-
ing cancer cell progression, cancer cells show
characteristic changes in their metabolic profiles for their
adenosine triphosphate (ATP) requirement, such as

increased uptake rate of glucose to survive and multiply

under the cancer microenvironment.®® It is also important
to note that the repeating unit of CS has a chemical motif,
composed of glucosamine units, which mimic the glucose
structure. This may explain why the AuNPs-WSCS and
AuNPs-WSCS-DOTA-BBN  exhibit
uptake in the cancer cells than the normal cells.®’

efficient cellular
Consequently, the CS carrier function may bring about
higher cellular uptake of the AuNPs leading to higher
cytotoxicity to the cancer cells. Additional data from the
previous literature also supports our observation.

AuNPs prepared in aqueous WSCS solutions also pro-
moted cell proliferation of human skin fibroblast CRL
2522 cells."” Similarly, Au nanostructures did not show
significant cytotoxicity effects on HAECs and normal
mouse fibroblasts (L929) cell lines.”””" Regarding the
BBN targeting peptide, the HAECs normal cell viability,
treated with AuNPs-WSCS-DOTA-BBN, was found to be
higher as compared to AuNPs-WSCS. This observation
may suggest that the BBN conjugate not only enhances
cytotoxicity of AuNPs toward the PC-3 and LNCaP can-
cerous cells but might also help in diminishing the cyto-
toxicity of AuNPs toward the HAECs normal cells.

Finally, we have also investigated the cytotoxic effects
of polymeric templates WSCS and WSCS-DOTA-BBN,
without the gold nanoparticles, toward cancerous and nor-
mal cells. Figure 8 shows cell viability of the PC-3 and
LNCaP cancerous cells and HAECs normal cells after
treating with polymer templates (WSCS and WSCS-
DOTA-BBN) for 24 and 48 h. Post treatment, the PC-3,
LNCaP and HAEC cells still showed high viability of up
to >80%, even after exposures at the high concentrations
of 100 pg/mL, for both WSCS and WSCS-DOTA-BBN
(Figure 8A(a-b), 8B(a-b), and 8C(a-b)), respectively. In
sharp contrast, as discussed above, the gold nanoparticu-
late analogs, AuNPs-WSCS-DOTA-BBN, showed signifi-
cantly higher cytotoxicity to both cancer cells as compared
with AuNPs-WSCS. It is also noteworthy that the cyto-
toxicity differences between WSCS and WSCS-DOTA-
BBN were not statistically significant. These cytotoxicity
results agree with previous reports which suggest that the
CS exhibited non- or minimal toxicity, thus making it
a safe nanomaterial in drug delivery.”> CS causes no
hemolysis of red blood cells (<10%) over 1-5 h with CS
in the molecular weight ranges of <5 kDa, 5-10 kDa, and
>10 kDa at concentrations of up to 5 mg/mL.”

Our results, as discussed above, provide credible evi-
dence that the BBN conjugation with WSCS-DOTA-BBN
results in reduced toxicity of the final AuNPs-WSCS-
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Figure 8 Cellular viabilities of (A) PC-3 and (B) LNCaP cancer cells and (C) HAECs normal cells after treating with WSCS (gray histogram) and WSCS-DOTA-BBN (yellow

histogram) for (a) 24 and (b) 48 h.

DOTA-BBN conjugate toward normal cells due to the
targeting function of the BBN peptide.

Conclusions

The growing importance of functionalized AuNPs in mole-
cular imaging and therapy requires the development of tumor
cell-specific hybrid AuNPs. In this context, our approach
toward the development of multifunctional AuNPs-WSCS-
DOTA-BBN conjugate, as elaborated in this paper, is an
important advance in furthering the biomedical applications
of hybrid gold nanoparticles. This paper also validates our
overarching objective toward the creation of tumor cell-
targeted AuNPs-WSCS-DOTA-BBN as evidenced through
agonistic interactions with GRP receptors which are over-
expressed in prostate tumors (Figure 6 and S7). Although the
utility of chitosan as a nano template is well known, our
investigations provide unprecedented experimental pathways
in harnessing the realistic potential of water-soluble chitosan
nanoparticles, as carriers of both AuNPs as well as targeted
bombesin peptide—all rendering prostate tumor cell specifi-
city for the AuNPs-WSCS-DOTA-BBN nanomedicine agent
for use in molecular imaging and therapy.
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