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ABSTRACT: For several decades, cancer has been one of the most life-threatening
diseases. For enhancing anticancer efficiency with minimum side effects, combination
therapy is envisioned. The current manuscript reports for the first time the development of
a methylene blue (MB) bound nanoplatform, which is capable of delivering targeted
diagnostic and combined synergistic photothermal and photodynamic treatment of cancer.
Experimental data found that, once the nanoparticle binds with the target cell surface, it
can detect LNCaP human prostate cancer cell selectively using fluorescence imaging. Our
result shows that the therapeutic actions can be controlled with external NIR light. No
cytotoxicity was observed in the absence of NIR light. Targeted photodynamic and
photothermal treatment using 785 nm NIR light indicates that the multimodal treatment
enhances the possibility of destroying LNCaP prostate cancer cells in vitro dramatically.
We discuss the operating principle for the targeted imaging and possible mechanisms for
combined therapeutic actions. Our experimental data show that NIR light activated
combined therapy for cancer may become a highly effective treatment procedure in clinical
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B INTRODUCTION

Recent advances have been achieved with our better under-
standing of the signaling pathways and molecular under-
pinnings of cancer drug resistance.'*It has become apparent
that a single therapeutic agent shows limited efficiencies in the
clinical environment due to the drug-resistance profiles.”~” To
enhance anticancer eflicacy, recent reports indicate that
multimodal therapy can be a highly promising strategy with
minimum side effects.'®" In the past few years, several articles
have demonstrated that combined therapy using multifunc-
tional nanoparticles may be better designs for cooperatively
suppressing cancer development.'*">* The design of multi-
functional nanoparticles for diagnostic, therapeutic, and
theranostic agents for a wide variety of human diseases can
have a revolutionary impact on the pharmaceutical industry, as
reported in the past decade.”*™>* Since multiple functions are
integrated into a single nanostructure, the nanoplatform can be
used for image-guided combined therapy.>™* In the past
decade, several different types of therapeutic approaches have
been developed for cancer treatment.'™” Among all those,
photodynamic therapy (PDT) and photothermal therapy
(PTT) involving near-infrared (NIR) light have been shown
to possess unique advantages, including remote controllability
and low systemic toxicity and side effects.>~"> Our groups and
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other groups have shown that magnetic core—plasmonic shell
nanoparticle can be used for imaging and photothermal therapy
of cancer cell>***?7 Since the combination of therapeutic
approaches may cooperatively suppress cancer development
with potential advantages of synergistic effects and reversal of
drug resistance, the current manuscript reports, for the first
time, methylene blue (MB) bound magnetic core—plasmonic
shell nanoplatform based cell imaging and combined photo-
dynamic and photothermal synergistic targeted therapy of
cancer. Our result shows that the cancer cells can be selectively
separated, imaged, and destroyed significantly by illumination
with 785 nm near IR continuum light for a few minutes.
Experimental data demonstrated that, due to the synergistic
effect, the therapeutic efficacy of the nanoplatform was
enhanced significantly compared to PDT or PTT alone.
Since the clinically ideal phototherapeutic biological window
for cancer is between 700 and 1100 nm,> '® and also the
nanoplatform has strong absorption at 785 nm, we have
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reported 785 nm near IR light triggered combined synergistic
therapy for tumor.

Methylene blue is a well-known photodynamic therapy
drug.**~* In the past few decades, PDT has been known to be
a minimally invasive technique for clinical cancer therapy,
where light-activated photosensitizers generate reactive oxygen
species, which can irreversibly damage cancerous cells and
tissues.® "**™* Gince methylene blue does not have enough
absorption at 785 nm, where light penetration can be a few
centimeters through tissue surface, it cannot be used for near IR
therapeutic treatment. The poor selectivity of methylene blue
for the targeted tumor sites minimizes PDT efficacy in vivo and
also increases the potential phototoxicity to normal tissues. To
improve these disadvantages and for the near-infrared light
based deep tissue treatment, we have used MB-bound
nanoplatform which has a strong absorption at 785 nm light,
as shown in Figure 1. As shown in Scheme 1, in our design, we
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Figure 1. (A) SEM images of freshly prepared core—shell plasmonic
nanopopcorn. (B) EDX mapping shows the presence of Fe and Au in
a core—shell nanoparticle. (C) Absorption spectra of core—shell
nanoparticle, methylene blue, and methylene blue conjugated
nanoplatform. The strong long wavelength band in the near IR region
(Amax = 740 nm) for the nanoplatform is due to the oscillation of the
conduction band electrons of gold.

have used methylene blue as a photodynamic therapy drug and
as a fluorescence imaging probe. On the other hand, gold shell
in our design core—shell nanoparticle has been used as an
optical “nano heater” for IR light induced photothermal killing
of cancer cells, where the plasmonic shell absorbs 785 nm light
and converts it into cytotoxic heat via electron—phonon
relaxation.””™>® In this manuscript, we have shown that MB-
bound nanoplatform can be used for simultaneous delivery of
optical diagnostic and multimodal synergistic treatment of
cancer diseases. We have demonstrated that, in the nanoplat-
form, the magnetic core is capable of rare tumor cell isolation
and enrichment using a small bar magnet. In our design, the
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MB-modified A9 aptamers are attached to a nanoplatform
through —SH linkage for (a) specific LNCaP prostate cancer
cell recognition via the A9 aptamers;*® (b) fluorescence
imaging using the MB fluorescence probe; and (c) targeted
synergistic combined PDT and PTT therapy. To make sure
that the combined therapy using the nanoplatform delivers only
to the malignant cells, we have demonstrated that, in our
design, combined therapy is only activated in the presence of
NIR light and no toxicity was observed without light exposure.

B RESULTS AND DISCUSSION

Nanoplatforms which can be used for selective imaging and
combined therapy were developed via a several step process, as
described in the Experimental Section. At first, popcorn shape
iron magnetic core—gold shell nanoparticles were prepared
using our reported method.'*Next, Hitachi 5500 ultrahigh-
resolution SEM microscope and UV—visible absorption
spectrum were used to characterize the iron core—magnetic
shell nanoparticles, as shown in Figure 1A,B. The absorption
spectrum, reported in Figure 1C, clearly shows the plasmon
band around 740 nm, which indicates the formation of gold
shell in the core—shell nanoparticle. The SEM image, as
reported in Figure 1A, shows a clear small spike, which
indicates the formation of popcorn shape core—shell nano-
particle. Figure 1B shows the energy dispersion X-ray (EDX)
data, which clearly demonstrate the presence of iron and gold
in the core—shell nanoparticle. To find out whether the
nanoplatform developed by us can be used for combined
synergistic therapeutic action for cancer, we have used the
LNCaP human prostate cancer cell line, which is well-known to
overexpresses the prostate specific membrane antigen (PSMA)
on the cell surface. For targeted imaging and synergistic
therapy, we have modified the nanoplatform with MB-bound
A9 RNA aptamer, which is known to be specific to PSMA.*
For this purpose, initially, the core—shell nanoparticle was
coated with thiolated polyethylene glycol (HS-PEG),which
helps to avoid nonspecific interactions with cells and cell media.
After PEGylation, thiol-modified MB-bound A9 aptamers were
attached via Au—S chemistry. Next to show the capability of
our nanoplatform to separate cancer cells from normal cells,
LNCaP cancer cell suspension containing 10° cells/mL was
mixed with 1 mL of PSMA-negative human skin HaCaT cell
suspension containing 107 cells/mL. After that we added 100
uL of nanoplatform to the cell mixture and incubated for 120
min under gentle shaking. Next, to separate nanoplatform
attached cancer cells from the mixture, we used a bar. At the
end, after magnetic separation, we used fluorescence image,
TEM, and enzyme-linked immunosorbent assay kits for the
characterization of cells that bind with nanoplatform and
separated them by bar magnet. Similarly, cells that did not bind
with the nanoplatform were also characterized using micro-
scopic and optical imaging technique as well as using enzyme-
linked immunosorbent assay.

Our enzyme-linked immunosorbent assay results indicate no
PSMA presence in the fractions of cell suspensions that did not
bind to the nanoplatform, which indicates the absence of
LNCaP cells in cell suspension which are not separated by the
magnet. On the other hand, we find that PSMA was present in
the nanoplatform attached cell suspension. Enzyme-linked
immunosorbent assays results clearly indicate that LNCaP cells
are attached to the nanoplatform. From the enzyme-linked
immunosorbent assay experiments we have estimated that the
LNCaP cancer cell recovery by bar magnet was about 97%. Our
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Scheme 1. Schematic Representation Showing Working Principle of Combined Synergistic Action Using Photodynamic and
Photothermal Therapy
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Figure 2. (A) Fluorescent images of nanoplatform-attached LNCaP human prostate cancer cells, after LNCaP cells were separated from cell mixture
using a magnet. (B) Bright-field image of the same LNCaP cells after magnetic separation. (C) Fluorescent images of cell suspension which are not
separated by the magnet. (D) Bright-field image of cell suspension which are not separated by the magnet. For fluorescence imaging, we used 650
nm excitation and the fluorescence was collected between 680 and 720 nm. (E) TEM image of nanoplatform attached LNCaP cells after magnetic
separation. (F) TEM image of suspension of cells which are not separated by the magnet, which is mostly HaCaT cells.
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Figure 3. (A) Bright-field inverted microscopic images of MB-bound nanoplatform attached LNCaP prostate cancer cells, after being separated by a
magnet and followed by irradiation with 785 nm near IR light at 1 W/ cm? for 7 min. For imaging we used 485 nm excitation, and the fluorescence
was collected between 520 and 535 nm. The bright-field image clearly shows that cancer cells are dead after combined therapy. (B) Bright-field
inverted microscopic images of prostate cancer LNCaP cells in the absence of nanoplatforms or MB and irradiated with 785 nm light at 1 W/cm? for
20 min followed by staining with trypan blue. The bright-field image clearly shows that cancer cells are alive after 785 nm light exposure in the
absence of nanoplatforms or MB. (C) Plot showing the percentage of cell viability in MB-bound nanoplatform attached LNCaP cells in the absence
of laser light and in the presence of laser light. Plot shows no cytotoxicity in the absence of NIR light. It also shows dramatic synergistic action in the
case of combined therapy. (D) Plot showing time-dependent LNCaP prostate cancer cell viability after irradiation with 785 nm near IR light at 12
W/cm? for 35 min, in the case of PDT, PTT, and combination therapy. Data clearly shows a synergistic therapeutic effect for prostate cancer
treatment in the case of combined therapy. (E) Plot showing how ROS formation from MB can vary in the presence of core—shell nanoparticles at
different temperatures.
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fluorescence imaging data using confocal fluorescence micro-
scope, as shown in Figure 2A—D, clearly shows that the
nanoplatform was bound only to LNCaP cells and not HaCaT
cells. Similarly, TEM images (Figure 2EF) indicate that the
nanoplatform attached only to LNCaP cells and not normal
HaCaT cells. All the experimental results, described above,
clearly indicate that the MB-bound A9-aptamer-conjugated
nanoplatform developed by us is highly selective for binding
with the LNCaP prostate cancer cell line, which overexpresses
PSMA.

Next, to find out whether our design of core—shell
nanoplatform can be used for multimodal therapy, after
successful targeted prostate cancer LNCaP cell separation, we
performed NIR irradiation experiments using 785 nm excitation
light. For this purpose, at first, we performed a cytotoxicity
experiment in the absence of NIR light to determine whether
the nanoplatform developed by us is cytotoxic or not. Next, to
determine if the combined therapy is much superior to single
therapy, we designed several different experiments, which we
discuss now. For the cytotoxicity measurement, MB-bound
nanoplatform attached LNCaP cells were incubated for 12 h
without any laser light. Our experimental data, as shown in
Figure 3C, clearly shows that no cell death was observed even
after 12 h of incubation, which indicates that the nanoplatform
developed by us is not cytotoxic in the absence of external NIR
light.

On the other hand, as shown in Figure 3, NIR light induced
experimental data clearly shows that 97% of cells were dead,
when MB-bound nanoplatform attached LNCaP cells were
irradiated with 785 nm light at 1 W/cm? power for 10 min. The
above data clearly indicate that our nanoplatform can only be
activated for combined therapy in the presence of near IR 785
nm light and also the MB-bound nanoplatform is not cytotoxic
in the absence of external NIR light. To determine the amount
of cell death due to the combined therapy in the presence of
785 nm light, we used the typan blue test to find the amount of
dead cells. Similarly, we used the MTT test to determine the
number of live cells during the combined photodestruction
process. Bright-field inverted microscope image data, as shown
in Figure 3A, clearly show that LNCaP cancer cells were
deformed during the combined therapy process. The cell death
following nanoplatform exposure to 785 nm NIR light could be
due to numerous factors, including ROS induced cancer cell
death due to the presence of MB and thermal disintegration by
gold shell nanoparticles.”>~* Figure 3B shows the bright-field
inverted microscope images of LNCaP cells in the absence of
nanoplatform and MB, after 20 min of exposure by 785 nm
light. Bright-field image and MTT test data, as shown in Figure
3, clearly show no cell death in the absence of a nanoplatform,
which indicates that our nanoplatform based combined
therapeutic killing is highly selective for the LNCaP cancer
cells which were only attached to the nanoplatform. Next, to
understand how the temperature varies during the NIR
radiation based combined therapy process, we used a
MikroShot camera to measure thermal imaging at 1 min
intervals. Our thermal imaging experiment indicated that the
temperature increased to about 48 °C when MB-bound A9-
aptamer-attached nanoplatforms with LNCaP cancer cells were
exposed to 785 nm laser light at 1 W/cm® power. We also
noted that the temperature increased to only 30 °C for LNCaP
cells in the absence of a nanoplatform, under the same light
exposure conditions. It is exciting to note from our
experimental data, as shown in Figures 3C and 3D, that
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when the two treatments were combined under a single 785 nm
NIR light irradiation, the LNCaP prostate cancer cell viability
was remarkably reduced. Cell viability was much lower in the
case of PDT and PTT combined therapy than that by the
individual ones. This clearly shows that, by using MB-bound
nanoplatform, we can very easily achieve synergistic therapeutic
effects for prostate cancer treatment.

To determine the amount of LNCaP cancer cell death due to
the 785 nm light induced photothermal killing effect, A9-
aptamer-bound core—shell nanoparticle without MB was
attached to LNCaP cells and then cells were irradiated with
785 nm near IR light at 1 W/cm® power at different time
intervals. For direct comparison between combined therapy and
single therapy, we kept the A9-aptamer-bound core—shell
nanoparticles and LNCaP cell concentration the same as in the
case of photothermal killing and combined therapy. The time
interval data, as shown in Figure 3D, show that it takes about
25 min of PTT experiment to kill most of the LNCaP prostate
cancer cells, whereas it takes only 10 min to kill the same
amount of LNCaP prostate cancer cells using combined
therapy.

Next, to estimate the amount of cell death due to the
photodynamic therapy only, we incubated MB with LNCaP
cells for 30 min, and then cells were irradiated with 785 nm
near IR light at 1 W/ cm? power at different time intervals. We
kept the MB and LNCaP cell concentration the same in the
case of the photodynamic and combined therapy process. As
shown in Figure 3D, even after 25 min of photodynamic
therapy only 10% of the cells were dead. And this is mainly due
to the fact that MB does not have enough absorption at 785 nm
light, as shown in Figure 1C. By combining all the experimental
data, one can see a significant synergistic therapeutic effect. In
MB-bound A9-aptamer-attached nanoplatform, MB utilizes his
ability to form reactive oxygen species in the presence of light,
to kil LNCaP prostate cancer cells. So the efficiency of
photodynamic killing by nanoplatform is highly dependent on
the formation of ROS capability by MB. Recently we and other
groups have reported that ROS formation by PDT dye using
near IR light can be enhanced in the presence of gold
nanoparticles.”'® Next, to understand the synergistic combined
therapy mechanism for destroying LNCaP prostate cancer cells,
we measured the cellular ROS formation during the PDT
process using singlet oxygen sensor green reagent (SOSG,
Sigma). For this purpose, during the PDT process, the
fluorescence intensity was measured using the microplate
reader with the excitation wavelength at 485 nm and the
emission wavelength at 528 nm and MB was used as the
standard material for normalization process. Our experimental
results, as shown in Figure 3E, clearly show the elevated ROS
formation in the presence of core—shell nanoparticle at
different temperatures. This increment can be due to the fact
that, as shown in Figure 1E, methylene blue absorption at 670
nm enhances in the presence of core—shell nanoparticles. This
enhancement can be attributed to the presence of high localized
plasmonic field on the surface of nanoparticles. Our
experimental data, as shown in Figure 3E, show that ROS
formation by MB can be expected to be more eflicient as the
temperature increases during the phtothermal therapy process.
Our experimental result proves that the combined PDT and
PTT treatment regime can dramatically enhance the possibility
of destroying LNCaP prostate tumor cells in vitro due to the
synergistic therapeutic effect combined with the formation of
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Figure 4. (A) Schematic representation showing the synthesis of methylene blue (MB) attached nanoplatform. (B) TEM image of freshly prepared
iron nanoparticle. (C) TEM image of freshly prepared magnetic core—plasmonic shell gold nanopopcorn.

more ROS during PTT, due to the presence of plasmonic
nanoparticle surface and elevated temperature.

B CONCLUSION

In conclusion, in this article we have reported the development
of a methylene blue bound nanoplatform which can deliver
targeted diagnostic and combined synergistic photothermal and
photodynamic treatment of cancer cells. We found that the
MB-bound A9-aptamer-attached nanoplatform is highly
selective for binding to PSMA positive LNCaP prostate cancer
cells. We have shown that, in the absence of NIR light, no
cytotoxicity has been observed, whereas the nanoplatform can
be used for 785 nm NIR light activated combined PTT and
PDT therapy. Our experimental data using 785 nm NIR light
excitation show that a synergistic therapeutic effect can be
obtained using multimodal treatment. Our experimental data
show that combined PDT and PTT can dramatically enhance
the killing LNCaP prostate cancer cells in vitro, which indicates
that the multimodal therapeutic material reported by us may
become a more effective system for cancer therapy. Nanoplat-
form materials developed by us also have the capability to lower
the MB’s negative effect as a PDT dye in the unnecessary
nontargeted area. Though we are in a relatively early stage of
development of nanoplatform based synergistic combined
therapy of tumor, we believe that the reported assay can have
enormous potential for rapid early stage circulating tumor cell
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detection and combined therapeutic destruction of cancer, once
it is optimized properly in the clinical environment.

B EXPERIMENTAL SECTION

Materials. All chemicals, including sodium borohydride,
FeCl;, HAuCl,-3H,0, and sodium citrate, were purchased from
Sigma-Aldrich and Fisher Scientific. We obtained LNCaP cells,
growth media to grow cancer cells, phosphate buffered saline,
trypsin, and fetal bovine serum from the American Type
Culture Collection (ATCC, Rockville, MD).

Synthesis of MB-Bound Nanoplatforms. We synthesized
the MB-bound nanoplatform through a several step process, as
shown in Figure 4A. At first, 1S nm size iron nanoparticles were
synthesized using our reported method,'**” as shown in Figure
4B. Next, popcorn shaped iron magnetic core—gold shell
nanoparticles were synthesized in the presence of HAuCl, and
CTAB using our reported method.'"**” After that magnetic
core—plasmonic shell nanoparticles were separated by magnet
and washed by water and ethanol. Core—shell nanoparticles
were characterized using a JEM-2100F transmission electron
microscope (TEM) and UV—visible absorption spectrum, as
reported in Figures 1A,B and 4B,C. In the next step, methylene
blue attachment was performed via A9 RNA aptamer which is
specific to PSMA.* For this purpose, initially, the nanoplatform
was coated by thiolated polyethylene glycol (HS-PEG). After
that thiol-modified MB-bound A9 aptamers were attached via
Au-S chemistry, using our reported method.”” Using

dx.doi.org/10.1021/mp4002816 | Mol. Pharmaceutics 2014, 11, 1109-1116



Molecular Pharmaceutics

fluorescence analyses after the addition of potassium cyanide,
we determined that there were about 150—200 aptamers per
synergistic combined therapeutic nanoplatform.

Cell Culture and Incubation with Nanoplatforms.
LNCaP human prostate cancer cells were grown according to
the ATCC procedure as we have reported before.”****” Using
enzyme-linked immunosorbent assay kit we found out that the
amount of PSMA in LNCaP cells was 7.9 X 10%/cell. No PSMA
was found in HaCaT cells. For binding nanoplatforms with
cancer cells, initially, different numbers of LNCaP prostate
cancer cells were immersed into the MB-bound nanoplatforms
at room temperature for 120 min. After that we used a bar
magnet for the magnetic separation experiment. After magnetic
separation, we performed TEM, SEM, and fluorescence
analyses (as shown in Figures 2 and 4). Using enzyme-linked
immunosorbent assays, we estimated that there were about
100—120 attached nanoplatforms/cell.

Fluorescence Analysis. For fluorescence imaging, we used
650 nm excitation light from an Olympus IX71 inverted
confocal fluorescence microscope. The microscope was fitted
with a SPOT Insight digital camera for fluorescence imaging.

Photothermal and Photodynamic Combined Destruc-
tion of LNCaP Prostate Cancer Cells and Determination
of the Percentage of Live Cells. For the combined
destruction or single model destruction experiments, we have
used a continuous-wavelength OEM laser operating at 785 nm
at 2 W/cm? power for 10—25 min. For finding the amount of
cell death, we used MTT (ATCC CA# 30-1010k) and typan
blue test, using our reported method.”****’

ROS Generation Measurement. For the measurement of
cellular ROS formation during combined and single treatment,
we have used singlet oxygen sensor green reagent (SOSG,
Sigma) and followed the manufacturer’s protocol. For this
purpose we used 485 nm as excitation wavelength. The
fluorescence intensity at 528 nm was measured using the
microplate reader.
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