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Ultra-Effective Photothermal Therapy for Prostate
Cancer cells using Dual Aptamer-Modified Gold
Nanostars

Hunho Jo,’ Hyungjun Youn,’ Seonghwan Lee, and Changill Ban"

Currently, although various studies related to nanoparticles-based photothermal therapy have
been actively performed, an epoch-making photothermolysis therapy exhibiting both high
selectivity and efficiency has yet not been discovered. For the first time, we developed novel
valuable therapeutic complexes, namely, dual aptamer-modified gold nanostars, for the
targeting of prostate cancers, including PSMA(+) and PSMA(-) cells. The synthesized
probes were characterized through several techniques, including UV-VIS spectral analysis,
DLS analysis, zeta potential measurements, and TEM imaging, and were subsequently
subjected to cytotoxicity tests, cell uptake confirmation, and in vitro photothermal therapy.
The homogeneously well-fabricated nanostars presented high selectivity to prostate cancer
cells and extremely high efficiency for therapy using an 808 nm laser under an irradiance of
0.3 W/cm?, which is lower than the permitted value of skin (0.329 W/cm?). It is anticipated

that this novel photothermal agent will become the general platform for targeted therapy.

Introduction

Noninvasive photothermal therapy (PTT) using near-infrared
(NIR) light has received considerable attentions because it can
efficiently kill target cells and reduce unwanted damage to
surrounding cells, which is in contrast to other treatments, such
as chemotherapy and radiation therapy.'” Among various
photothermal agents, gold nanostructures have been known as
valuable materials due to their high production of heat by NIR
radiation and the enhancement of the damage induced by
radiation.*' In particular, star-shaped gold nanoparticles,
denoted gold nanostars (AuNS), exhibit miscellaneous
advantages, such as tunable plasmon bands, a tremendously
high two-photon action cross section, and a large absorption-to-
scattering ratio in response to NIR radiation.'"'> This
superiority makes AuNS one of the most powerful
photothermolysis probes applicable to diverse in vitro and in
vivo hyperthermia therapies.'® !’

Prostate cancer has globally issued as one of the foremost
causes of cancer-related death in men, especially in the UK and
the United States; thus, the development of a highly effective
and selective remedy for this disease have been strongly
demanded.'® ' Among several biomarkers for particularized
therapy, prostate-specific membrane antigen (PSMA), a type II
integral membrane glycoprotein associated with a higher tumor
grade, has been broadly targeted in numerous treatments for
prostate cancers, which has resulted in a notable increase in the
number of associated studies.’*** Since PSMA is only
overexpressed in androgen-independent prostate cancers, the
development of specific therapies for PSMA(—) cell lines has
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seldom been carried out.>*>* For complete cures for all types of
prostate cancers, simultaneous targeting aimed at both
PSMA(+) and PSMA(-) cancer cells is absolutely
indispensable and has great importance in clinical
demonstration.

To attain efficacious targeting, antibodies toward butt
molecules have been widely employed in various therapies.
However, because these antibodies have shown serious
problems, such as instability due to changes in temperature,
high developmental cost, and difficult chemical modifications,
aptamers, oligonucleic acid or peptide molecules that can bind
to specific target molecules, have been recently utilized as
substitutes.”**® An anti-PSMA RNA aptamer (A10) and a
peptide aptamer (DUP-1) were previously identified as
aptamers for PSMA(+) and PSMA(-), respectively.” 3 Our
group for the first time combined these two aptamers for the
synchronous targeting of both PSMA(+) and PSMA(—) cancers
and achieved remarkable results.*" 3

For the design of a powerful photothermal probe that can
selectively and effectively target both types of prostate cancer
cells, we introduced dual aptamers into AuNS (Fig. 1). Until
recently, almost all of the photothermal therapies used laser
power greater than the well-known standard thresholds, which
are based on the maximal permissible exposure (MPE) of skin
established by the American National Standards Institutes.> In
previous hyperthermia therapies, it was applied to the aimed
cancers that fairly higher irradiations of 1.5-80 W/cm? than the
MPE of skin (0.329 W/cm?® at 808 nm).**** Even though the
Vo-Dinh group has reported the impressive result that peptide-
functionalized AuNS can represent photothermolysis under an
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irradiance of 0.2 W/cm?, which is lower than the MPE of skin
(0.4 W/cm? at 850 nm), the modified-AuNS did not exhibit
selectivity to the specific targeted cancer.* Photothermal
therapy with both high selectivity and efficiency
simultaneously has not yet been developed for the specific
target, particularly prostate cancer. Newly synthesized dual
aptamers-modified AuNS (Dual-AuNS) showed excellent
selectivity to only PSMA(+) and PSMA(-) prostate cancer cells
and extreme efficiency in photothermolysis using a 808 nm
NIR laser under an irradiation power of 0.3 W/cm? markedly
lower than the MPE of skin. In this work, we characterized
inceptively devised aptamer-AuNS using various techniques
and verified the efficacy of the probe via an MTT assay and
microscopic analysis.
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Fig. 1 (a) Functionalization of AuNS. Bare-AuNS were coated
with PEG, and A10 and DUP-1 aptamers were then
immobilized. (b) Selective photothermolysis for only PSMA(+)
and PSMA(-) prostate cancer cells by Dual-AuNS.

Experimental section

Material

Gold(III) chloride, L-ascorbic acid, thiazolyl blue tetrazolium
bromide, paraformaldehyde, glutaraldehyde, sodium
cacodylate, and O-[2-(3-mercaptopropionylamino)ethyl]-O'-

methylpolyethylene glycol (M,, 5000) were purchased from
Sigma-Aldrich (USA). Silver nitrate was purchased from
Kojima chemicals (Japan). Hydrochloric acid and ethyl alcohol
were obtained from Wako (Japan). Trypan blue was bought
from Invitrogen (USA). Nitric acid was procured from
Samchun Chemical (Korea). RPMI-1640, penicillin G,
streptomycin, and fetal bovine serum (FBS) were purchased
from Hyclone (USA). Dimethyl sulfoxide was obtained from
Kanto chemical (Japan).

Preparation of gold nanostars

Gold nanostars (AuNS) were prepared through a seed-mediated
growth method.'® Prior to their synthesis, all of the glassware
was washed with a 3:1 mixture of HCI:HNO; and rinsed with
deionized water. For the synthesis of the seed solution, 1 mL of
trisodium citrate (final 1.52 mM) was rapidly added to 100 mL
of boiling 0.40 mM gold(IIT) chloride solution under vigorous
stirring.*! After the color of the solution changed from pale
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yellow to red, the solution was refluxed and cooled to room
temperature (RT) under gentle stirring. The concentration of the
seeds was measured via UV-VIS spectroscopy (Libra S22,
Biochrom) at 520 nm. To prepare AuNS, 100 pL of the seed
solution (Asp=2.80) was added to a mixture containing 10 mL
0of 0.25 mM HAuCl, and 10 pL of 1 M HCI under mild stirring.
Then, 100 pL of 3 mM AgNO; and 50 puL of 100 mM ascorbic
acid were simultaneously supplemented to the mixture, and the
resulting mixture was allowed to incubate for 30 s at RT to
yield a change in the color from light red to greenish-black. The
centrifugation of the solution at 5,000 rpm for 15 min stopped
the nucleation of AuNS. Freshly synthesized AuNS were
resuspended with deionized water and then filtered through a
0.22 pum nitrocellulose membrane. The concentration of AuNS
was determined via a spectroscopic method.

Immobilization of dual aptamers on gold nanostars

For the PEGylation of AuNS, O-[2-(3-
mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol
My, 5000, final concentration of 5 pM) was incubated with
AuNS for 10 min under gentle shaking at RT. PEGylated AuNS
(PEG-AuNS) were centrifugally washed and then resuspended
in distilled water. To specifically target both types of prostate
cancer cells, namely PSMA(+) and PSMA(-) cells, two
aptamers were conjugated to PEG-AuNS via disulfide bonds.

Thiol-modified A10 (5°-thiol-
GGGAGGACGAUGCGGAUCAGCCAUGUUU
ACGUCACUCCUUGUCAAUCCUCAUCGGC-3’) was

purchased from IDT (USA), and the cysteine-modified DUP-1
(CFRPNRAQDYNTN) aptamer was bought from Anygen
(Korea). These patamers were used without further purification.
Then, 1 uM A10 aptamer and 2 pM DUP-1 were incubated
with 1 nM PEG-AuNS in buffer containing 0.1% (v/v) Tween
20, 300 mM NacCl, and 10 mM phosphate buffer (pH 7.4) for
48 h at RT.** The resulting nanoparticles (Dual-AuNS) were
then centrifugally washed twice, resuspension in distilled water,
and stored at 4 °C.

Characterization of dual aptamer-modified gold nanostars

The TEM images of Dual-AuNS were taken using a JEM-1011
instrument (JEOL, Tokyo, Japan). The surface charges of Bare-
AuNS, PEG-AuNS, and Dual-AuNS were verified in PBS
buffer (pH 7.4) by zeta potential measurements using a
Zetasizer Nano Z (Malvern Instruments, Malvern, UK). In
addition, the average sizes of AuNS were determined via
dynamic light scattering measurements using a Zetasizer Nano
series instrument (Malvern Instruments, Malvern, UK). The
absorbance spectra of each nanoparticle were obtained through
UV-Vis spectrophotometry (UV 2550, Shimadzu, Japan). Each
particle was irradiated using an 808 nm laser (diode laser,
JENOPTIK unique-mode GmbH, Germany) with 2 W/cm?, and
the temperature of each solution was measured with a
thermocouple linked to a digital thermometer (Lutron
Thermometer TM-917, Taiwan) for 5 min at 30 s intervals.

Cytotoxicity test of Dual-AuNS

Four cell lines (LNCaP, PC3, PNT2, and HeLa) were used to
determine the cytotoxicity of the newly synthesized probe.
Each cell line was cultured in RPMI-1640 supplemented with
10% (v/v) FBS, 100 U/mL penicillin G, and 100 mg/mL
streptomycin at 37 °C in a 5% (v/v) CO, humid incubator. After
the cells were cultured on a circular dish, the cells were
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trypsinized and resuspended in serum-free RPMI-1640 media.
Three microliters of 3x10? cells were sub-cultured to 80% (v/v)
occupation on a 96-well plate in the humid CO, incubator. Each
well was treated with various concentrations of Dual-AuNS
(0.1, 0.2, and 0.3 nM) at 37 °C in the 5% (v/v) CO, humid
incubator. The cell media was then replaced with 100 pL of
fresh media and 10 pL of MTT solution (5 mg/mL), and the
cells were incubated for 4 h at 37 °C. After the media was
removed, 100 pL of DMSO was added to each well to liquefy
the purple formazan crystals. The cell viability was measured
three times at 570 nm using a microplate spectrofluorometer
(VICTOR3 V Multilabel Counter). The MTT assay was carried
out every 4 h (Fig. S1-S4).

Verification of the cellular uptake of Dual-AuNS

To access the selective cellular uptake of Dual-AuNS, three
types of cell lines (LNCaP, PC3, and HeLa) were used. Each
cell line was cultured on a 100 m dish according to the
previously described conditions. When the cell confluency
reached approximately 80% (v/v), 0.3 nM Dual-AuNS was
applied to each plate. After washing with PBS buffer three
times, each cell was transferred to a 1.5 mL tube in primary
fixation buffer containing 2% paraformaldehyde, 2%
glutaraldehyde, and 0.05 M sodium cacodylate (pH 7.2) at 4 °C
and incubated for 4 h. Next, the cells were washed with 0.05 M
sodium cacodylate buffer (pH 7.2) three times, incubated with
the post-fixation buffer (1% osmium tetroxide and 0.05 M
sodium cacodylate, pH 7.2) at 4 °C for 2 h, and subjected to En
bloc staining with 0.5% uranyl acetate at 4 °C overnight. In
addition, dehydration with EtOH and transition with propylene
oxide were also performed. Additionally, the cells were
infiltrated using a mixture of propylene oxide and Spurr’s resin,
polymerized, sectioned with an ultramicrotome (MT-X, RMC,
Tucson, AZ, USA), and stained with 2% uranyl acetate and
Reynold’s lead citrate. TEM images of the cells treated with
Dual-AuNS were taken using a JEM-1011 instrument (JEOL,
Tokyo, Japan). Incubation time was also optimized via MTT
assay (Fig. S5). Three types of cell lines (LNCaP, PC3, and
HeLa) were incubated with 0.3 nM AuNS for various time and
were irradiated using an 808 nm laser for 3 min (2 W/cm?).

Photothermal therapy

The selectivity of Dual-AuNS was demonstrated via
photothermal therapy using six cell lines (positive targets: PC3
and LNCaP; negative control: PNT2, HeLa, MCF7, and A549).
According to the previously described method, each cell line
was grown to 80% (v/v) confluency on the 96-well plate. Then,
0.3 nM Dual-AuNS was added to the cells, and the cells were
incubated at 37 °C for 24 h. The Dual-AuNS-treated cells were
irradiated with an 808 nm laser under an irradiance of 2 W/cm?.
The cell viability was measured three times via the previously
described MTT assay. Furthermore, the efficiency of Dual-
AuNS was also proved. Dual-AuNS were incubated with the
four cell lines (PC3, LNCaP, PNT2, and HeLa) at 37 °C for 24
h. Photothermolysis was performed using various irradiation
powers ranging from 4 to 0.3 W/cm?®. The MTT assay was also
used to determine the cell viability. For the Trypan blue
staining, the same experiment was conducted using only two
cell lines (PC3 and LNCaP). The cells were incubated with
Trypan blue solution (0.1%) for 5 min, washed with PBS, and
subjected to microscopic analysis.

Results and discussion

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry B

Design of dual aptamer-modified gold nanostars

As illustrated in Fig. 1, Dual-AuNS were manufactured via
several modification processes. AuNS were freshly synthesized
using a seed-mediated method (Bare-AuNS) and were then
swathed by mercaptopolyethylene glycol monomethyl ether
(PEG-AuNS). Thiol-modified Al0 (5°-thiol-
GGGAGGACGAU
GCGGAUCAGCCAUGUUUACGUCACUCCUUGUCAAUC
CUCAUCGGC-3’) and cysteine-modified DUP-1
(CFRPNRAQ DYNTN) aptamers were introduced into PEG-
AuNS via disulfide bonds at a ratio of 1:2, which can give rise
to discrepancies in the photothermolysis ability for PSMA(+)
and PSMA(-) cells, as was confirmed in our previous work.*

Prior to photothermal therapy, Dual-AuNS were typified
through a few analyses. The transmission electron microscopy
(TEM) images clearly show the homogeneous distribution of
Bare-AuNS and Dual-AuNS (Fig. 2a and 2b). The shape and
size of the branches are relatively even, and the total form of
AuNS is consistent. The immobilization of the aptamers on
PEG-AuNS resulted in the particles being dispersed due to
coulombic repulsion or steric hindrances between the aptamers.
The average sizes of Bare-AuNS, PEG-AuNS, and Dual-AuNS
determined by dynamic light scattering (DLS) were 39.19 =+
1.08 nm, 48.96 £ 0.98 nm, and 61.90 + 1.61 nm, respectively.
This sequential increase in size indicates the successful
functionalization of AuNS. In addition, the C{-potentials of
AuNS were measured to quantify there surface charges. The (-
potentials were -27.1 + 1.3 mV (Bare-AuNS), -23.7 + 0.8 mV
(PEG-AuNS), and 9.6 = 0.7 mV (Dual-AuNS). Because DUP-1
possesses relatively positive charge compared with A10 and
AuNS, Dual-AuNS present more positive potential than the
other particles. As represented in Fig. 2c, every type of AuNS
exhibits high absorbance at a broad range of wavelengths (800
~ 1000 nm), suggesting that it is appropriate to utilize an 808
nm laser for effective photothermolysis. The heat generation
capacity of 0.5 nM AuNS in PBS buffer was then demonstrated
using 808 nm laser with an irradiation of 2 W/em? (Fig. 2d).
Although the heat generation of Dual-AuNS and PEG-AuNS
was slightly lower than that of Bare-AuNS, an elevated
temperature (>42 °C) was sufficient to kill malignant cells
through apoptosis or necrosis.*> All of these results indicate that
well-synthesized Dual-AuNS are adequately applicable for
hyperthermia therapy.

J. Name., 2012, 00, 1-3 | 3
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Fig. 2 Characterization of each AuNS. (a) TEM image of Bare-
AuNS. (b) TEM image of Dual-AuNS. (c¢) Absorbance spectra
of each type of AuNS. (d) Change in the temperature of PBS
solutions containing 0.5 nM AuNS in response to NIR
irradiation (808 nm, 2 W/cm?).

Cytotoxicity test of AuNS

Photothermal agents must not exhibit cytotoxicity for cancer
cells in the absence of NIR irradiation. Therefore, before
photothermolysis, the cytotoxicity of Dual-AuNS was
evaluated by averaging the results of triplicate MTT assays
(Fig. S1~S4). The following four cell lines were prepared on a
96-well plate until the cells reached 80% (v/v) confluency: PC3
as PSMA (-) prostate cancer cells, LNCaP as PSMA (+)
prostate cancer cells, PNT2 as non-cancerous prostate cells, and
HeLa as cervical cancer cells. The cell viability displayed no
dependence on the concentration of Dual-AuNS and time,
revealing that fabricated Dual-AuNS have no cytotoxicity.
Though an increase in the concentration and longer incubation
time can improve the therapeutic effect, concentration higher
than 0.3 nM and prolonged incubation time influenced the cell
viability. Hence, we employed Dual-AuNS at a concentration
of 0.3 nM and incubation time of 24 h for therapy.
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Confirmation of the selectivity of probes

To assess the selectivity of Dual-AuNS, three types of cancer
cells, including PC3, LNCaP, and HeLa, were incubated with
0.3 nM Dual-AuNS for 24 h. The cells were washed with PBS
three times, fixed, subjected to wuranyl staining, and
polymerized for TEM imaging. As shown in Fig. 3a-c, Dual-
AuNS are only observed in the PSMA(+) and PSMA(-) cells,
and almost all of the particles bunch up in small vesicles. It has
been known that the A10 aptamer can be internalized to LNCaP
by receptor-mediated endocytosis regardless of the presence of
delivery vehicles and that the DUP-1 aptamer can also be
localized in the cytoplasm via a fusion of the endocytotic
vesicles to endosomes.?” *° These features are precisely
consistent with our results. Furthermore, Dual-AuNS were
found only in the cytoplasmic part and not in intranuclear
region, implying that comparatively large Dual-AuNS (~62 nm)
are unable to pass through the nuclear pores (~50 nm) in
accordance with previous results.** *° In addition to the TEM
imaging analysis, incubation time was optimized via MTT
assay. As shown in Fig. S5, although longer incubation time
had the intracellular uptake efficiency higher, incubation time
over 12 h was enough to carry out photothermal therapy.
Therefore, we decided incubation time to be 24 h. Additionally,
photothermolysis was carried out using six types of cell lines to
prove the selectivity of the probe. PC3 and LNCaP cells were
selected as positive targets, whereas PNT2 (normal prostate),
HeLa, MCF7 (breast cancer), and A549 (lung cancer) cells
were utilized as negative controls. After the cells were treated
with each type of AuNS (0.3 nM) for 24 h, the remaining
probes were eliminated through multiple washing, and the cells

This journal is © The Royal Society of Chemistry 2012
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were then exposed to NIR for 3 min. As shown in Fig. 3d, all of
the cells exhibited the high cell viability in the presence of
Bare-AuNS and PEG-AuNS, revealing that almost none of the
nanoparticles were delivered sufficiently. This tendency
coincides with the results of the previous study, which showed
that native and PEGylated AuNS exhibit negligible cellular
uptake due to aggregation or their large size.* In contrast, only
PC3 and LNCaP cells incubated with Dual-AuNS exhibited a
marked decrease in the cell viability. The difference in the
viability between PC3 and LNCaP cells may originate from the
inconsistency in the internalization capacity. Additionally, the
weak expression of PSMA in PNT2 cells permits feeble
binding of Dual-AuNS, resulting in a slight decrease in the
viability of the cells incubated with the probes. These results
clearly show that Dual-AuNS can simultaneously target
PSMA(+) and PSMA(-) cells with great selectivity.

Verification of the efficiency of the particles

The efficiency of Dual-AuNS for photothermolysis was
verified employing four cell lines (PC3, LNCaP, prostate
cancer; PNT2, normal prostate; HeLa, cervical cancer). When
the cell confluency reached approximately 80% (v/v), the cells
were incubated with Dual-AuNS for 24 h. Photothermal
therapy was performed according to previously described
conditions, with the exception of a different irradiation power.
The cell viability as a function of the laser intensity was
measured via an MTT assay. Fig. 4a undoubtedly indicates that
an increase in the irradiation power improves the beneficial
effect of the therapy. In particular, dual-aptamer conjugated
AuNS represented quite effective capacity for photothermolysis
under an irradiation power of 0.3 W/cm?’, lower than the MPE
of skin (0.329 W/cm?).*® This high efficiency arises from the
extreme intracellular uptake of aptamers. Although the cell
viability of the control cells, such as PNT2 and HeLa,
decreased slightly, this decrease was insignificant for the
selectivity of Dual-AuNS. Moreover, the effect of hyperthermia
therapy was demonstrated through Trypan blue staining. At 1
W/cm?, large empty regions and dead cells stained by Trypan
blue were detected in the irradiated region (Fig. 4b and 4c).
Many free-floating cells detached from the plate were observed
under the microscope. In the case of low irradiation, most of the
cells were damaged and separated from the dish due to elevated
temperature. Our result is the first substantiation of
nanoparticle-based  photothermal  therapy  with  both
extraordinary efficiency and extremely high selectivity for two
types of prostate cancers synchronously.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 (a) In vitro photothermal therapy using various
irradiation powers. Four types of cell lines were incubated with
0.3 nM Dual-AuNS for 24 h, and were then irradiated with an
808 nm laser for 3 min. The cell viability was evaluated
through an MTT assay. Trypan blue staining image of (b) PC3
and (c) LNCaP cells. The transparent and blue cells represent
live and dead cells, respectively. The figures on the right are
enlarged images of the irradiated region.

Conclusions

In summary, we have developed the first ultra-effective
photothermal agents for prostate cancer-targeted therapy. The
newly synthesized probe was found to be intensely and
specifically accumulated into PSMA(+) and PSMA(-) cells
without any impact on the cell viability, resulting in
tremendously efficient targeted therapy. To apply this probe in
vivo therapies, we have made an effort to overcome various
problems, such as short half-life of the particles in the
circulation, low permeability of them, and instability of
aptamers in the blood. It is expected that successful further
study makes aptamer-modified AuNS the promising in vivo
therapeutic nanomaterials for the treatment of not only prostate
cancers but also other carcinomas.
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A novel general platform for disease-specific photothermal therapy. This
is the first demonstration of gold nanostars with tremendous efficiency
and impressive selectivity for the targeted cancer, particularly the
simultaneous targeting of PSMA(+) and PSMA(-) prostate cancers. The
PEGylation and dual-aptamer modification make the nanoparticles
stable and permeable to cancers, resulting in the prominent outcome.



