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Abstract

Combination of photodynamic therapy (PDT) with photothermal therapy (PTT) has achieved
significantly improved therapeutic efficacy compared to a single phototherapy modality. However,
most nanomaterials used for combined PDT/PTT are made of non-biodegradable materials (e.g.,
gold nanorods, carbon nanotubes, and graphenes) and may remain intact in the body for long time,
raising concerns over their potential long-term toxicity. Here we report a new combined
PDT/PTT nanomedicine, designated SP3NPs, that exhibit photo-decomposable, photodynamic and
photothermal properties. SP’NPs were prepared by self-assembly of PEGylated cypate, comprising
FDA-approved PEG and an ICG derivative. We confirmed the ability of SP*NPs to generate both
singlet oxygen for a photodynamic effect and heat for photothermal therapy in response to NIR
laser irradiation in vitro. Also, the unique ability of SP’NPs to undergo irreversible decomposition
upon NIR laser irradiation was demonstrated. Further our experimental results demonstrated that
SP3NPs strongly accumulated in tumor tissue owing to their highly PEGylated surface and relatively
small size (~60 nm), offering subsequent imaging-guided combined PDT/PTT treatment that
resulted in tumor eradication and prolonged survival of mice. Taken together, our SP®NPs
described here may represent a novel and facile approach for next-generation theranostics with
great promise for translation into clinical practice in the future.

Key words: nanomedicine -indocyanine green - photodynamic therapy - photothermal therapy -theranostics.

Introduction

Nanotechnology-assisted phototherapy — the use
of light in conjunction with light-responsive
nanoparticles—has been shown to be a promising
strategy for cancer treatment because nanoparticles
lead to preferential accumulation in tumors through
the enhanced permeability and retention (EPR) effect
and the subsequent phototherapy enables precise
destruction of tumors in a spatiotemporal
manner.[1-6] However, a single phototherapy
modality alone, such as photodynamic therapy (PDT)

or photothermal therapy (PTT), has shown limited
therapeutic efficacy in vivo. PDT depletes oxygen in
tumor tissues and destroys tumor-associated blood
vessels, resulting in a significant reduction in blood
flow to the tumor and consequent severe local
hypoxia, which is responsible for poor responses to
subsequent radio- and chemotherapy.[7-10] PTT,
which relies on the conversion of near-infrared (NIR)
light to heat using photo-responsive nanomaterials,
usually leads to incomplete tumor destruction owing
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to uneven heat transfer and distribution within the
tumor, resulting in tumor recurrence initiated by
surviving cancer cells in the residual tumor mass.[6,
11-14] Very recent attempts to combine PDT with PTT
so as to overcome the limitations associated with a
single phototherapy modality have achieved
significantly improved therapeutic efficacy.[15-23]
The appreciable local hyperthermia created by PTT
increases intratumoral blood flow and oxygenation,
which is favorable for PDT. Conversely, reactive
oxygen species (ROS) generated by PDT sensitize
cancer cells to the hyperthermia generated by PTT.
However, previously reported systems for combined
PDT/PTT, constructed by loading or conjugating
known photosensitizers (PS) onto NIR-absorbing
nanoparticles, still have some drawbacks. First,
because of the mismatch in absorption wavelengths of
PS and NIR-responsive nanoparticles, two lasers are
needed to excite them separately,[15, 19-20, 24]
complicating the treatment process. Second,
PS-loaded NIR nanoparticles show appreciably
reduced production of singlet oxygen (1Oz) species as
a result of Forster resonance energy transfer between
PS and NPs within close proximity,[21, 25-26] leading
to compromised PDT efficacy. Third, most NIR
nanoparticles used for PTT are made of
non-biodegradable materials (e.g., carbon, gold and
other noble metal-based nanomaterials) and may
remain intact in the body for long time,[16-18, 26]
raising concerns over their potential long-term
toxicity. Additionally, complexities in fabrication or
manufacturing processes for previously developed
combined PDT and PTT systems may further hamper
their future translation to the clinic. Thus, there is a
pressing need to develop a new combined PDT and
PTT nanomedicine that (1) enables effective cancer
therapy and imaging using a single laser, (2) is
degradable and excretable, and (3) can be easily scaled
up.

Indocyanine green (ICG), a clinically used NIR
cyanine dye, may be a good starting material for the
design of nanomedicines that satisfy these criteria
because it is known to exhibit both PDT and PTT
effects, [27-29] and can also undergo decomposition
into smaller fragments upon NIR irradiation.[30]
Despite such favorable properties of ICG for use in
multiple phototherapies, however, most previous
studies have been limited to use of ICG for optical
imaging and/or single phototherapy (i.e.,, PDT or
PTT) by physical entrapment of the dye into various
types of nanoparticles such as micelles and
liposomes.[31-39]  Although such ICG-loaded
nanoparticles have shown marked progress in terms
of enhanced photo-stability and circulation time
compared to the pristine dye, there has been few

nanoparticles that fully take advantages of ICG's
photonic  properties, including photo-decom-
posability, optical imaging, PDT, and PTT. A
plausible explanation on the limited use of ICG is that
it is challenging to covalently conjugate ICG with
nanomaterials because it lacks modifiable chemical
functionalities. Cypate, an analog of ICG, has similar
photo-properties as ICG, but unlike ICG it possesses
functional groups available for modification (two
carboxylic acids) and a hydrophobic skeleton for
assembly.[40] With these considerations in mind, we,
for the first time, designed cypate-based nanoparticles
for use in combined PDT/PTT therapy. To form
cypate-based nanostructures, we introduced a
hydrophilic, biocompatible polyethylene glycol (PEG)
to cypate, generating PEGylated cypate. We expected
that the amphiphilic, PEGylated cypate would
spontaneously self-assemble into small nanoparticles,
designated SP3NPs, that exhibit photo-decomposable,
photodynamic and photothermal properties (Figure
1A). It was anticipated that SP’NPs would effectively
accumulate in tumor sites via the EPR effect, emit
NIR-range fluorescence for tumor optical imaging,
and upon irradiation using a single NIR laser, would
generate reactive singlet oxygen together with heat,
thus constituting an imaging-guided, multiple
phototherapy modality (combined PDT/PTT) for
treating cancer.

Materials and Methods

Materials

Cypate was synthesized according to previous
reports.[34] Methoxypolyethylene glycol amine
(mPEGa000-NH>), N,N'-dicyclohexylcarbodiimide
(DCC), N-hydroxysuccinimide (NHS), 3-(4,5-dime-
thylthiazol-2-yl)-2,5- diphenyltetrazolium bromide
(MTT) and 4’ ,6-diamidino-2-phenylindole
dihydrochloride (DAPI) were purchased from
Sigma-Aldrich (St, Louis, MO). Singlet Oxygen Sensor

Green (SOSG) and ROS-detection dye, 2',7'-Dichloro-

dihydrofluorescein  diacetate (HoDCFDA) were
obtained from Thermo Fisher Scientific Inc. (Grand
Island, NY). Mounting solution for confocal
microscopy was purchased from Dako (Glostrup,
Denmark). ApoBrdU DNA fragmentation assay kit
for TUNEL assay was supplied by BioVision Inc.
(Milpitas, CA). All other chemicals were of reagent
grade and were used as received.

Murine melanoma B16F10 cells were supplied by
American Type Culture Collection (ATCC, Rockville,
MD). Cell culture media DMEM and fetal bovine
serum (FBS) were purchased from Gibco-BRL Life
Technologies (Carlsbad, CA). Male C57BL/6 mice
aged 6-8 wk were obtained from Orient Bio. Lab.
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Animal Inc. (Seungnam, Kyonggi-do, South Korea).
All animal experiments were conducted in accordance
with the Guidelines of the Korea Advanced Institute
of Science and Technology Institutional Animal Care
and Use Committee (KAIST-IACUC).

Synthesis of PEGylated cypate

PEGylated cypate was synthesized by
conjugating cypate with mPEGa0-NH> via an amide
bond. In brief, DCC (90 pmol) and NHS (90 pmol)
were added to cypate (60 pmol) in dichloromethane
(10 ml). After stirring for 30 min, insoluble byproducts
were removed by filtration. mPEG2000-NH2 (20 pmol)
was added to the activated cypate, and the mixture
was reacted for 24 h at room temperature. The crude
product was purified by silica gel column
chromatography using chloroform/methanol (75:25,
v/v). The obtained PEGylated cypate was
characterized by 'H NMR wusing a Bruker
AVANCE-500MHz FT-NMR spectrometer (Bruker,
Billerica, MA). The molecular weight of PEGylated
cypate was measured by matrix-assisted laser
desorption/ionization-time of flight spectrometry
(MALDI-TOF) using an Autoflex III MALD-TOF
system (Bruker).

Preparation and characterization of SP3NPs

PEGylated cypate in methanol was dried under
rotary evaporation, and the resulting thin film was
hydrated with 1 ml of PBS (pH 7.4) and vortexed.
After sonication for 10 min, large aggregates were
removed by filtration through 0.2-pm polycarbonate
membrane filters (Millipore Corp., Billerica, MA), and
SP3NPs were obtained and stored at 4 °C until use.
The size and morphology of SP2NPs were examined
by TEM using a JEM1010 system (Jeol Ltd, Tokyo,
Japan). The hydrodynamic diameters and zeta
potentials of SP3NPs were measured using a
Nanosizer ZS90 instrument (Malvern Instruments
Ltd, Malvern, UK). The colloidal stability of SP3NPs in
PBS and 50% FBS was tested by monitoring changes
in size over 1 wk. The UV-Vis spectra of SP’NPs were
recorded using a UV-Vis spectrophotometer
(NEOSYS2000; Scinco, Twin Lakes, WI).

NIR irradiation-triggered decomposition and
photo-properties of SP3NPs

SP3NPs (100 pg ml?) in PBS were irradiated for
10 min using a BWF2 continuous-wave NIR laser (808
nm, 0.8 W cmZ B&W Tek Inc., Newark, DE). Changes
in absorbance spectra and morphology of SP3NPs
during irradiation were monitored using a UV-Vis
spectrophotometer and TEM, respectively. The
appearance of SPSNPs during NIR irradiation was
recorded using a digital camera.

Fluorescence images of free cypate and SP3NPs
in PBS at the same concentrations were recorded with
a Xenogen IVIS Lumina imaging system (Perkin
Elmer Inc., Waltham, MA) with a built-in ICG filter set
using an exposure time of 5 s. The fluorescence
intensity in each region of interest (ROI) was
semi-quantitated by Xenogen Living Image® and
plotted against the concentration of free cypate and
SP3NPs. Photodynamic effects were tested by
irradiating free cypate and SP3NPs (25 pg ml?) in the
presence and absence of sodium azide (100 uM) for 5
min (808 nm, 0.8 W cm?), and the generated singlet
oxygen was detected with SOSG following the
manufacturer's instructions. PBS served as a negative
control. Photothermal effects were assessed by
irradiation of different concentrations of SP3NPs with
an 808-nm NIR laser (0.8 W cm? 5 min).
Temperatures were quantified using an IR thermal
imaging system (FLIR T420; FLIR Systems Inc.,
Danderyd, Sweden). The photothermal heating curve
of PBS was measured as a negative control.

In vitro cellular-uptake test

Cellular uptake of SP°NPs was determined by
confocal microscopy and flow cytometry using the
intrinsic fluorescence of cypate. B16F10 cells were
cultured in DMEM supplemented with 10% FBS, 100
units ml? penicillin, and 100 pg ml! streptomycin.
B16F10 cells were seeded onto cover glasses at a
density of 1 x 10° cells per well in 24-well plates. After
reaching 70% confluence, cells were treated with free
cypate or SP3NPs at an equivalent dose of cypate.
After incubation for 1 h, cells were washed with cold
PBS, fixed with 4% paraformaldehyde for 15 min, and
stained with DAPI. Cellular fluorescence was
observed using a confocal laser-scanning microscope
(LSM 5 Exciter; Carl Zeiss, Inc., Jena, Germany). Flow
cytometry measurements were conducted by first
harvesting cells and washing them three times with
cold PBS containing 2% FBS. Cells were then analyzed
using a BD FACSCalibur flow cytometer using Cell
Quest Pro software (BD Biosciences, San Jose, CA).

Intracellular ROS and heat generation upon
irradiation

B16F10 cells were seeded onto 24-well plates at a
density of 1 x 105 cells per well. The following day,
cells were treated with free cypate or SP?°NPs at a
concentration of 5 pg ml! (equivalent dose of cypate)
for 1 h. After washing with cold PBS, cells were
irradiated with a NIR laser (808 nm, 0.8 W cm2) for 3
min and then incubated with fresh media containing
H>DCFDA (10 pM) for 1 h. DCF (green) was imaged
using a fluorescence microscopy (Leica, DM IL,
Germany). The types of generated ROS were
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identified by adding different ROS scavengers,
including glutathione, sodium azide (singlet oxygen
scavenger), D-mannitol (hydroxyl radical scavenger)
or sodium pyruvate (hydrogen peroxide scavenger),
to the media during NIR irradiation. Subsequent
procedures were as indicated above. Intracellular heat
generation was evaluated by first treating B16F10 cells
with free cypate or SP’NPs (20 pg ml?, equivalent to
cypate) for 1 h. After washing with cold PBS, cells
were exposed to a NIR laser for 3 min (808 nm, 0.8 W
cm?), and thermal images were recorded using an IR
thermal camera, as described above.

Laser-triggered phototoxicity of SP3NPs
toward tumor cells

The in vitro antitumor efficacy of free cypate and
SP3NPs upon NIR irradiation was tested using MTT
assays, as previously described.[41] Briefly, B16F10
cells were seeded onto 96-well plates at a density of 1
x 10* cells per well. The next day, cells were treated
with serial dilutions of free cypate and SP3NPs for 1 h.
After washing with cold PBS, cells were irradiated
with an 808 nm NIR laser for 3 min. Cells were
incubated for 24 h, and cell viability was quantified by
MTT assay. The cytoprotective effect of different ROS
scavengers was tested by treating cells with SP3NPs
(100 pg ml?) for 1 h and further incubating with
media containing ROS scavengers (sodium pyruvate,
glutathione, sodium azide or D-mannitol, 100 pM) for
30 min before MTT assay. The cytotoxicity of
NIR-degraded fragments of SP3NPs was tested by
completely decomposing SP3NPs with a NIR laser,
and treating B16F10 cells for 24 h with the resulted
colorless products. Cell viability was quantitated by
MTT assay and expressed relative to that of an
untreated control group.

In vivo tumor-detection ability of SP3NPs

Depilated C57BL/6 mice were subcutaneously
inoculated in the dorsal right side with 1 x 10¢ B16F10
cells, and tumors were allowed to become established
over time. When the tumor volume reached
approximately 100 mm?3, free cypate or SP’NPs at an
equivalent cypate dose of 1 mg kg?! was injected
through the tail vein. At predetermined time points
post-administration, the in wvivo distribution of
fluorescent free cypate and SP3NPs within the mice
was assessed using a Xenogen IVIS Lumina imaging
system (Perkin Elmer Inc.) with a built-in ICG filter
set and an exposure time of 5 s. The ex vivo
biodistribution patterns of cypate and SP3NPs were
evaluated by a fluorescence imaging system as well.
In some experiments, tumors were excised and
cryosectioned, and the intratumoral distribution of
free cypate or SP°NPs was assessed using confocal

microscopy, as described above.

In vivo tumor ablation by SP3NPs upon NIR
irradiation

B16F10 tumor-bearing mice were randomized
into six groups based on body weight and tumor
volume (n = 6-7 mice/group): (1) PBS, (2) PBS + NIR
irradiation, (3) free cypate, (4) free cypate + NIR
irradiation, (5) SP®NPs, (6) SPNPs + NIR irradiation.
Mice were administered a single intravenous dose of
PBS, free cypate or SP3NPs at the same cypate dose (5
mg kg?). At 4 h post-administration, mice were
anesthetized and positioned in a holder. The tumor
sites ~ were  irradiated ~with an  808-nm
continuous-wave NIR laser (0.4 W cm?, 10 min).
Light-induced temperature changes in the tumor sites
were recorded using a real-time IR thermal imaging
system (FLIR T420). After treatment, tumor volumes,
body weight, tumor appearance, and survival were
monitored. Tumor volume was determined by
measuring in two dimensions using an electronic
caliper, and calculated according to the equation a
b2 x 0.5, where a is the largest and b is the smallest
dimension. When the tumor volume reached 2000
mm3, the mice were euthanized in accord with
KAIST-IACUC. In some experiments, tumor tissues
were extracted 12 h after irradiation, fixed in 4%
paraformaldehyde, embedded in paraffin, and
sectioned at a thickness of 10 pm. Tumor tissue slides
were stained with H&E and observed using optical
microscopy. Apoptotic cells in tissue sections were
visualized by TUNEL assay using ApoBrdU DNA
fragmentation assay kit according to the
manufacturer's instructions.

Statistics

Analysis of variance (ANOVA) was used to
analyze experimental data in conjunction with a
Student-Newman-Keuls test for post hoc pairwise
comparisons. All statistical analyses were done using
SigmaStat software (version 3.5; Systat Software,
Richmond, CA); a p-value < 0.05 was considered
significant.

Results and Discussion

Synthesis and characterization of SP3NPs.

PEGylated cypate was synthesized in a one-step
process by reacting the carbodiimide-activated form
of one of two carboxylic acids in cypate with
mPEGoo0-NH> (Figure 1A), and was characterized by
TH NMR and mass spectrometry (Figure S1). When
placed in an aqueous solution, PEGylated cypate
spontaneously self-assembled into micellar-type
nanoparticles (SP3NPs) in which the hydrophobic
cypate constitutes the core of the nanoparticle and the
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hydrophilic PEG corona faces toward water, as
depicted in Figure 1A. Dynamic light scattering (DLS)
measurements of SP3NPs showed a narrow size
distribution with an average hydrodynamic diameter
of 60 £ 8 nm (Figure 1B). High-resolution in situ
transmission electron microscopy (HRTEM) imaging
revealed that, in a dry state, SP3NPs had a
well-defined spherical nanostructure with a diameter
of ~40 nm (Figure 1C). SPNPs also showed good
colloidal stability without significant change in size
over 1 wk in both PBS and 50% FBS (Figure 1E). The
zeta potential value of SP3NPs in PBS at pH 7.4 was
0.06 £ 0.22 mV, suggesting that these particles are
nearly neutrally charged. In addition, SPNPs in PBS
exhibited intense absorption in the NIR region, with a
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characteristic peak at 790 nm corresponding to free
cypate (Figure 1D). Figure 1F shows NIR fluorescence
images of free cypate and SP®NPs excited at 710-760
nm. And their fluorescence intensities were
semi-quantitated and shown in Figure 1G. SP3NPs
exhibited more than three-fold stronger fluorescence
intensity than free cypate at any given equal
concentration. This is possibly because, like many
other carbocyanine dyes such as ICG, free cypate,
which is even more hydrophobic than ICG, might
form self-quenched, weakly fluorescent H-aggregates
in an aqueous environment.[42-44] In contrast,
SP3NPs retained the strong fluorescence of pristine
cypate under physiological conditions, suggesting
that they are suitable for use as a NIR imaging probe.
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Figure 1. Schematic illustration and characterization of SP3NPs for tumor imaging and phototherapy. (A) Schematic illustration of synthesis of
PEGylated cypate, its self-assembled nanoparticles, SP3NPs, and laser-triggered decomposition of the nanoparticles. (B) DLS data showing the hydrodynamic size of
SP3NPs in PBS (pH 7.4). TEM image (C) and UV-Vis-NIR spectrum (D) of SP3NPs. Scale bar: 100 nm. (E) Colloidal stability of SP’NPs in PBS and 50% FBS, respectively.
(F) Fluorescence images of cypate and serial dilutions of SP3NPs in PBS (Ex/Em: 710-760 nm/810-875 nm). (G)Semi-quantitation of fluorescence intensity in each

region of interest (ROI) of Figure 1F.
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Figure 2. NIR irradiation-triggered decomposition and photo-properties of SP3NPs. (A) TEM images of SP3NPs upon NIR irradiation over time (808 nm,
0.8 W cm?-2). Insets show digital images of SP3NPs in PBS at the corresponding time points. Scale bar: 100 nm. (B) Changes in UV-Vis spectra of SP3NPs upon NIR laser
irradiation. (C) SOSG fluorescence intensity (FI) at 525 nm (Ex: 488 nm) of PBS, free cypate and SP3NPs, with or without sodium azide (100 M), after 808-nm laser
irradiation (0.8 W cm-2, 5 min). *p < 0.05 compared to other groups. (D) Photothermal heating curves of SP3NPs at different concentrations under 808-nm laser

irradiation for 5 min (0.8 W cm-2).

Photo-induced decomposition of SP3NPs

The  possibility that SP?NPs  undergo
photo-induced decomposition like ICG was explored.
As shown in Figure 2A, upon NIR irradiation with a
continuous-wave laser (808 nm, 0.8 W cm2), SP3NPs
underwent significant, irreversible morphological
changes, even following a 1-min exposure; at 10 min
post-irradiation, no  detectable  nanoparticles
remained. This NIR-induced photo-decomposition
was accompanied by fast decoloration (Figure 2A,
insets), with only 5.5% of the characteristic absorption
peak for SP®NPs at 790 nm remaining at 10 min
post-irradiation ~ (Figure = 2B).  Such  rapid
photo-decomposition and  photobleaching are
presumably attributable to NIR-triggered destruction
of the cypate chromophore structure,[30, 44] leaving
behind several fragments of PEGylated cypate with
increased hydrophilicity, thereby resulting in
disruption of  SP3NPs.  This  NIR-induced
decomposition and disruption behavior suggests that
SP3NPs could be easily excreted from the body after
treatment with a NIR laser, thus alleviating toxicity
concerns. With the rapid development and wider
applications of nanomedicines, the biological effect
and safety issue of them has drawn considerable
attention recently. Even the in vivo fate of SP3NPs still
required further study in detail, the strategy using
NIR light as an external stimulus to control the
metabolism  and  elimination  behavior  of
nanomaterials could offer a new avenue for that

concern. Moreover, compared to conventional UV
light-responsive nanoparticles, our SP’NPs obviously
have favorable properties for the imaging-based
diagnosis and prognosis, especially for deep-sited
diseases. Moreover, it is likely that SP’NPs can be
used as a photo-responsive spatiotemporal controlled
drug-delivery carrier after loading therapeutic cargos.

Generation of singlet oxygen and heat upon
NIR irradiation

Next we examined the ability of SP3NPs to
generate both singlet oxygen (102) for a
photodynamic effect and heat for photothermal
therapy in response to NIR laser irradiation. As
shown in Figure 2C, exposure to laser irradiation at
808 nm generated 'O, determined by measuring the
fluorescence intensity of SOSG. SP3NPs generated
much stronger (~3.8-fold) SOSG fluorescence
intensity compared with free cypate. This is resulted
from the hydrophobic free cypate easily forms
H-aggregate, and strong intramolecular Forster
resonance energy transfer (FRET) effect due to close
proximity. Different from the physical entrapment of
ICG insides of nanoparticles, which often leads to
self-quenching,[11, 35, 37-38] the high fluorescence
and 10, generation of SP3NPs probably suggests that
the cypate moieties in SP’NPs are not close packed.
But the accurate nanostructure and assembly style of
SP3NPs still needs further identification. This SOSG
was significantly reduced in the presence of NaNs, a
typical 10 scavenger, supporting the conclusion that
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SP3NPs have the ability to produce 'Oz in response to
NIR laser irradiation. But the addition of NaN; did
not further reduce the SOSG of cypate, which was
likely due to the background interference of 1O
indicator.

We next explored whether SP3NPs could also
generate heat in response to NIR laser irradiation. The
temperature of sample solutions during NIR laser
irradiation at 808 nm was recorded as a function of
SP3NPs concentration using a real-time IR thermal
imaging system (Figure 2D). We found that, with
increasing concentrations of SP3NPs, the temperature
rapidly rose and reached a plateau within 2 min of
irradiation, producing 17.4 °C and 25.3 °C increases
(AT) at SPNPs concentrations of 100 and 200 pg ml-,
respectively. The PBS control showed no such
photothermal effect. These observations indicate that
SP3NPs also possess sufficient enough photothermal
property able to damage cancer cells. We speculate
that like ICG, the excited energy state of cypate in
SP3NPs could be partially transited to production of
30, and at the same time partially converted into heat
through vibronic relaxation or other non-irradiative
transition pathway in parallel, leading to the dual
PDT/PTT behavior.[45] However, like ICG, SP3NPs
also could be decomposed by light through
self-sensitized photo oxidation process; in other
words, the decomposition of SP3NPs could be
catalyzed by the generated 'O, in the photodynamic
type 2 reaction.[30] This NIR-induced
photo-bleaching and photo-decomposition of SP*NPs
resulted in gradual decrease in the heat (temperature)
generated by SP3NPs after reaching a peak (Figure
2D).[46] Taken together, this NIR-induced
simultaneous and efficient generation of both heat
and 'O, suggests the potential use of SP3NPs in
combined PDT and PTT for effective cancer therapy.

Efficient cell entry of SP3NPs and NIR
irradiation-triggered intracellular generation
of ROS and heat

The cellular uptake efficiency of SP3NPs in
cancer cells was assessed in B16F10 murine melanoma
cells using confocal laser scanning microscopy
(CLSM) and flow cytometry. Near infrared red
fluorescence corresponding to SP’NPs was observed
in the cytosol of most cells treated with the
nanoparticles, whereas little red fluorescence was
seen in cells treated with free cypate (Figure 3A). A
flow cytometry analysis further confirmed the
significantly greater cellular uptake of SP3NPs by
cancer cells compared with free cypate (Figure 3B).
The limited cellular internalization of free cypate
might be ascribed to its nonspecific binding to serum

proteins, as is the case for other carbocyanine dyes.
[15,47]

Next, the level of intracellular ROS generation in
SP3NPs-treated cancer cells upon exposure to a NIR
laser at 0.8 W cm? for 3 min was assessed using the
ROS-detecting  fluorescent probe, 2’,7'-dichloro-
dihydrofluorescein  diacetate  (HoDCFDA).  As
expected, SP’NPs-treated cancer cells exhibited strong
fluorescence as a result of activation of HoDCFDA,
indicative of a high level of intracellular ROS
generation (Figure 3C). No ROS was generated in
SP3NPs-treated cells in the absence of NIR irradiation
(Figure S2A). Furthermore, co-treatment with either
glutathione or sodium azide (O scavengers)
decreased the intracellular fluorescence intensity to
background levels, whereas D-mannitol, a scavenger
of hydroxyl radicals, did not affect fluorescence
intensity, further confirming that 10, is the main type
of intracellular ROS produced by irradiation of
SP3NPs. This increase in ROS generation was
accompanied by an increase in the temperature of
SP3NPs-treated cells to 41.2 °C, an effect that was
largely absent in free cypate-treated cells (Figure 3D,
Figure S3). Since SP®NPs could generate both 1O, and
heat inside cells upon exposure to NIR, we evaluated
their cancer cell-killing effect in B16F10 mouse
melanoma cells as a function of SP3NPs concentration
and laser intensity using MTT assays. For free cypate,
its photo-induced anticancer effect is negligible,
probably resulting from its poor cell entry and limited
intracellular generation of ROS and heat (Figure 3E).
However, as shown in Figure 3F, the cytotoxicity of
SP’NPs was quite significant, and positively
correlated with both the concentration of SP’NPs and
the laser power used. As expected, a higher
concentration of the nanoparticles with higher light
power resulted in a greater anticancer effect.
However, SP3NPs caused little cytotoxicity in the
absence of NIR irradiation. Whereas addition of
hydroxyl radical scavengers (sodium pyruvate or
D-mannitol) did not affect cell viability, co-treatment
with 10, scavengers (glutathione or sodium azide)
significantly decreased SP®NPs-induced cytotoxicity
(Figure S2C). In addition, we confirmed that the
fragmented, decomposed products of SPSNPs that
appeared upon NIR irradiation were not cytotoxic
(Figure S4), implying that, after exerting their NIR
light-induced anticancer effects, SP’NPs degrade into
less toxic fragments. These in wvitro cell studies
demonstrate that SPNPs could be efficiently taken up
by cancer cells and, following NIR irradiation, could
kill cancer cells through the combined effects of
intracellular generation of 1O, and hyperthermia.
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Figure 3. Cellular internalization, NIR light-induced ROS and heat generation, and cytotoxicity of SP3NPs in vitro. CLSM images (A) and flow
cytometry analyses (B) of BI6F10 melanoma cells treated with free cypate or SP3NPs for 1 h. Cypate- or SP3NPs-treated cells were irradiated with an 808-nm laser
(0.8 W cm2, 3 min). Intracellular ROS generation (C) was detected with H.DCFDA (10 uM). After irradiation, thermal images of cells (D) were recorded using an
IR thermal camera. Relative viabilities of B16F10 cells treated with different concentrations of free cypate (E) and SP3NPs (F) for 1 h, followed by 808-nm laser

irradiation (3 min at 0.2, 0.4 or 0.8 W cm-2) and further incubation for 24 h.

Biodistribution and tumor localization of
SP3NPs

It was anticipated that SP3NPs could
preferentially localize at tumor sites through the EPR
effect owing to their relatively small size (~60 nm) and
highly PEGylated surface. To test this, we
administered free cypate or SP?NPs (0.25 mg kg
equivalent to cypate) via the tail vein to mice bearing
B16F10 melanoma allografts. Figure 4A shows the
real-time biodistribution and tumor accumulation at
various time points. Only a weak fluorescence signal
was observed in the tumor region in mice treated with
free cypate. In contrast, SP’NPs exhibited much
higher fluorescence signal in the tumor area as well as
prolonged circulation/retention in the body over 24 h
compared with free cypate. After 4 h, a difference in
tumor-to-background intensity became apparent,

clearly delineating the tumor region. Time-course
measurements of photon counts in tumor sites
showed that, at 1 h post-injection, the fluorescence
intensity of tumors in SP3NPs-treated mice was ~18
times stronger than that in mice treated with free
cypate (Figure 4B). The ex vivo biodistribution image

(Figure S5) also revealed the greater tumor
accumulation of SP3NPs than that of cypate.
Furthermore, we observed the considerable

distribution of SPSNPs in liver, which probably
suggests SP’NPs are mainly excreted through liver.
Tumor tissues were excised at 4 h post-injection and
cryosectioned. CLSM imaging showed that SP3NPs
were evenly distributed within the tumor tissue with
a far greater intensity than free cypate, particularly in
the center region of the tumor (Figure 4C). The high
degree of tumor accumulation and distribution

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 13

2375

observed with NIR-emitting SP3NPs
advantageous  for  imaging-guided,
phototherapy of cancers.

is highly

effective

In vivo tumor ablation by multiple
phototherapies of SP3NPs

Encouraged by tumor targeting and imaging
results, we next examined the therapeutic efficacy of
SP3NPs in combination with NIR laser irradiation in
tumor-bearing mice. B16F10 melanoma-bearing mice
(average tumor volume, ~100 mm?3) were randomly
divided into six groups (n = 6/group): PBS, PBS +
NIR, free cypate, free cypate + NIR, SP°NPs, and
SP’NPs + NIR. SP°NPs or free cypate was
administered as a single intravenous injection via the
tail vein at a dose of 5 mg kg equivalent of cypate,
and tumor regions were locally irradiated with a NIR
laser (808 nm, 0.4 W cm?) for 10 min at 4 h post
injection because the tumor-to-background intensity

A 0.5h 1h 2h

Cypate

SP3NPs

Relative photons (X 107)

12
Time (h)

24

became apparent, clearly delineating the tumor region
at the time point. The temperature at the tumor region
was continuously monitored throughout NIR
exposure with an IR thermal camera (Figure 5A). Mice
treated with PBS showed negligible temperature
increases in the tumor over the course of irradiation;
however, mice in the SP’NPs-injected group exhibited
significant increases in temperature, reaching 45 °C, a
temperature much higher than that in mice injected
with free cypate (~38 °C) under the same treatment
conditions (Figure 5B). Considering the fast oxygen
depletion and severe hypoxia microenvironment

occurs in tumor tissue — which could lead to

unsatisfactory outcome of other therapies— when

PDT is applied, [48] we regard PTT might play a more
important role and result in better therapeutic
outcome in vivo, especially for hypoxic tumor
treatment.

24 h

Cypate

SP3*NPs

Figure 4. In vivo biodistribution of SP3NPs in tumor-bearing mice. (A) Whole-body NIR fluorescence images of B16F10 melanoma-bearing mice injected
with free cypate or SP3NPs at a dose of 0.25 mg kg-! cypate at 0.5, 1, 2, 4, 8, 12, and 24 h after injection via tail vein, respectively. (B) Semi-quantitative analysis of
fluorescence intensity in tumor sites using Living Image Software Version 2.6 (n=4). (C) CLSM images of cryosectioned tumor tissues, excised 4 h after intravenous

administration of free cypate or SP3NPs. Scale bar: 50 pm.

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 13 2376
A 0 min 3 min 6 min 10 min B
- LS 48 °C
o ry —o—pBS + NIR
w
E \-I \.-I 845 -"'-Cypate + NIR
- =8~ SP3NPs + NIR
540
o E
k] =
o w35
> [=]
° 2
© 30
0 -
s
& 25
& 28°C 0o 2 4 6 8 10
Irradiation time (min)
C 2000 D s E
— =9= PBS =0= PBS =i Cypate + NIR 100 H
£ —o— PBS + NIR s === PBS + NIR == SP3NPs —_ !
E 1500 == Cypate 230 | =4= Cypate =—#— SPNPs+NIR = 80 iz
@ —i— Cypate + NIR B b
g -4- SP°NPs = ® 60
3 1000| ——SP*NPs + NIR g = | == ppg
2 25 g 40 4=PBS + NIR
] <] === Cypate
E ELs @ & 201 —*Cypate + NIH’_
= 20 == SP3NPs i ,: |
g o] TFsPNPs+NIR  L____Li!
7 9 11 13 15 7 9 11 13 15 0 10 20 30 40

Time after inoculation (d)

Time after inoculation {d)

Time after inoculation (d)

Figure 5. NIR laser-induced antitumor effects of SP3NPs. (A) Real-time thermal images of BI6F10 melanoma-bearing mice exposed to 808-nm laser (0.4 W
cm-2) for 10 min at 4 h post-injection of PBS, free cypate, or SP3NPs (5 mg kg-! cypate). The dashed circles indicate the locations of tumors. (B) Photothermal heating
curves of tumors upon 808-nm laser irradiation for 10 min (n=3). Tumor growth curves (C), body weight changes (D) and survival rates (E) of B16F10
melanoma-bearing mice intravenously treated with PBS, free cypate or SP3NPs (5 mg kg-! cypate, single injection, n=6-7), with or without 808-nm laser irradiation

(0.4 W cm-2, 10 min). *p < 0.05 compared to other groups at a given time point.

Therapeutic efficacy following the single
intravenous injection and subsequent NIR irradiation
was evaluated by measuring tumor volume, body
weight, and survival rate (Figure 5C, 5D, 5E and
Figure S6). No inhibition of tumor growth was
observed in the PBS alone or PBS + NIR groups, and
tumor volumes in the two groups were similar.
Tumor growth in both SP3NPs and free cypate-alone
groups was also similar to that in the PBS control
group, suggesting that neither treatment is cytotoxic
in the absence of NIR light. In contrast, tumors in the
SPSNPs + NIR group were completely ablated, as
determined by measurement of tumor volume as well
as histological analyses (Figure 5C, and Figure 6).
Furthermore, continuous monitoring revealed that no
tumors recurred in this group up to 42 d later,
resulting in a survival rate of 100% (Figure 5E). Mice
in the SPNPs + NIR group also showed no signs of
significant body weight loss, suggesting no acute side
effects of the nanoparticles per se or the phototherapy
(Figure 5D). Although treatment of mice with free
cypate + NIR inhibited tumor growth by ~57%
relative to PBS controls, all mice in this group died
due to tumor burden within 36 d (Figure 5E).
Antitumor efficacy was further assessed by
hematoxylin and eosin staining (H&E) and terminal
deoxynucleotidyl transferase dUTP nick-end labeling

(TUNEL) assays. As shown in Figure 6A and 6B, the
tumor tissues of mice in PBS + NIR, free cypate and
SP3NPs-alone groups exhibited infiltration of cancer
cells with highly pleomorphic nuclei and showed
little evidence of apoptosis, results similar to those
observed in the PBS control group. Only a few
sporadic necrotic cells were found in tumor tissues
from the free cypate + NIR-treated group, suggesting
limited therapeutic efficacy. In contrast, tumor tissue
sections from mice treated with SPSNPs + NIR
showed massive collapse of cell nuclei and
considerable fragmented DNA in nucleus, indicating
the death of tumor cells is likely through apoptosis
way, as well as the potency of multiple
phototherapies. It is also worth noting that the laser
power intensity used in this study (0.4 W cm?) is
among the lowest reported (~1-2 W cm?) for in vivo
PTT.[21,49-51] These results clearly suggest that
SP3NPs can be preferentially delivered to the site of a
tumor owing to the highly PEGylated nature of its
surface and proper size, and following optical
imaging-guided NIR laser irradiation, can lead to
effective tumor ablation and prolonged survival of
mice without tumor recurrence as a consequence of
the synergistic antitumor efficacy of multiple
phototherapies.
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Figure 6. The multiple NIR-induced therapeutic effect of SP3NPs in tumor tissues. Tumor tissues were excised and sectioned for H&E (A) and TUNEL

(B) staining at 12 h post-irradiation. Scale bar: 25 pm.

Conclusion

In summary, we have successfully designed and
fabricated a novel theranostic nanomedicine platform,
SP3NPs, with integrative cancer imaging and multiple
phototherapy capabilities. Our experimental results
clearly = demonstrate  that SPSNPs  strongly
accumulated in tumor tissue owing to their highly
PEGylated surface and relatively small size (~60 nm),
offering subsequent imaging-guided multiple
phototherapies that resulted in tumor eradication and
prolonged survival of mice. As a potential
nanomedicine, SPSNPs possess several attributes that
tend to favor translation to the clinic in the future.
First, SP3NPs can be easily prepared by self-assembly
of solely PEGylated cypate of a single chemical entity,
comprising FDA-approved PEG and an ICG
derivative. Second, SP3NPs exhibit intense NIR
fluorescence following irradiation with much longer
wavelengths (~800 nm) than conventional dyes used
for PDT in the clinic, suggesting the possibility of
deeper tissue penetration. Lastly, the unique ability of
SP3NPs to undergo irreversible decomposition upon
NIR laser irradiation may alleviate potential toxicity
concerns associated with phototherapy. Taken
together, our findings demonstrate that the simple
and decomposable nanoparticles described here,

which enable imaging-guided, multiple
phototherapy, represent a novel and facile approach
for next-generation theranostics with great promise
for translation into clinical practice in the future.

Supplementary Material

Characterization of PEGylated cypate (Figure S1);
Effect of various ROS scavengers on intracellularly
generated ROS by SP2NPs upon NIR laser irradiation
(Figure S2); Temperature change of cells treated with
cypate and SP3NPs during NIR irradiation (Figure
53); Assessment of cytotoxicity of NIR-decomposed
fragments of SP3NPs (Figure S4); Ev vivo fluorescence
image of five vital organs excising from cypate- and
SP3NPs-treated tumor-bearing mice (Figure S5);
Digital photos of tumor-bearing mice after treatment
with each regimen and NIR laser (Figure S6).

http:/ /www.thno.org/v06p2367s1.pdf
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