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Abstract

It is highly desirable to develop theranostic nanoparticles for achieving cancer imaging with en-
hanced contrast and simultaneously multimodal synergistic therapy. Herein, we report a
theranostic micelle system hierarchically assembling cyanine dye (indocyanine green) and
chemotherapeutic compound (doxorubicin) (I/D-Micelles) as a novel theranostic platform with
high drug loading, good stability and enhanced cellular uptake via clathrin-mediated endocytosis.
I/D-Micelles exhibit the multiple functionalities including near-infrared fluorescence (NIRF), hy-
perthermia and intracellular singlet oxygen from indocyanine green, and simultaneous cytotoxicity
from doxorubicin. Upon photoirradiation, I/D-Micelles can induce NIRF imaging, acute photo-
thermal therapy via hyperthermia and simultaneous synergistic chemotherapy via singlet oxy-
gen-triggered disruption of lysosomal membranes, eventually leading to enhanced NIRF imaging
and superior tumor eradication without any re-growth. Our results suggest that the hierarchical
micelles can act as a superior theranostic platform for cancer imaging and multimodal synergistic
therapy.

Key words: Hierarchical micelles; Photothermal therapy; Singlet oxygen; Synergistic therapy;
Cancer eradication

Introduction

Photothermal therapy (PTT) has been considered ~ generate heat under photoirradiation [1-3]. In the past
as a minimally invasive means of cancer therapy, decades, several types of agents with strong
which generally employs photo-absorbing agents to  near-infrared (NIR) absorbance have been explored as
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the photo-absorbing candidates for PTT, such as cya-
nine dyes, gold nanoparticles as well as graphene
oxide [1, 4-6]. Generally, PTT often requires sufficient
tumor accumulation of these photo-absorbing agents
to reach sufficient hyperthermia (>42 °C) for trigger-
ing photothermal effect after imaging-guided tumor
identification and localization. However, even though
PTT is highly effective to inhibit tumor growth, it is
possible to cause residual cells surviving from pho-
tothermal injury and subsequent tumor re-growth
upon insufficient tumor accumulation of the pho-
to-absorbing agents [4, 5, 7]. Consequently, it is still a
major challenge to achieve tumor eradication without
tumor re-growth using PTT in the field of cancer
therapy.

Recently, PTT-based multimodal therapy has
been found to provide preferable efficacy than re-
spective monotherapy, implying that multimodal
therapy may achieve better therapeutic efficacy [5,
7-10]. Ideal multimodal therapy such as the combina-
tion of PTT and chemotherapy is expected to generate
not only combinational effect, but also synergistic
effect to achieve unprecedented therapeutic outcome
such as the eradication of residual cells surviving
from PTT. So far, there are only a few investigations
on intracellular synergism between various anticancer
agents owing to the absence of the synergistic mech-
anism [4, 11]. It is thus intriguing to explore a new
synergistic mechanism of PTT-based multimodal
therapy.

Cyanine dyes possess promising photothermal
effect without safety concern compared to inorganic
photo-absorbing nanomaterials [3]. In particular, cy-

anine dyes such as indocyanine green (ICG) as clini-
cally potential agents display multifunctional proper-
ties including fluorescent emission of above 800 nm
and generation of singlet oxygen in addition to pho-
tothermal effect [3, 12-17]. NIR fluorescence (NIRF) of
cyanine dyes can offer a potential capacity to achieve
cancer imaging with minimal auto-fluorescence in-
terference [3], which can provide ultrasensitive cancer
detection and allow us to precisely photo-irradiate
tumor for effective tumor growth inhibition as shown
in our previous studies [17]. On the other hand, sin-
glet oxygen is considered as a highly reactive oxygen
species (ROS) in cells, which plays an important role
in the damage of subcellular organelles [18]. However,
the role of singlet oxygen from cyanine dyes such as
ICG in intracellular delivery of anticancer agent is
ignored, although its photodynamic effect has been
evaluated [13]. Herein, we report a hierarchical mi-
celle system assembling cyanine dye (ICG) and
chemotherapeutic  agent (doxorubicin, DOX)
(I/D-Micelles) as a highly efficient platform integrat-
ing PTT and singlet oxygen-synergized chemotherapy
for cancer eradication (Scheme 1/Figure A). Upon
photoirradiation, I/D-Micelles can induce a concen-
tration-dependent hyperthermia and simultaneous
generation of singlet oxygen at a relatively low con-
centration range. In particular, we for the first time
demonstrated that singlet oxygen from permeable
hierarchical micelles is able to trigger the destabiliza-
tion of lysosomes upon photoirradiation, which
maximize the accessibility of DOX to nucleus and
subsequently synergize the cytotoxicity of DOX with
PTT for cancer eradication.
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Figure A. (Scheme ) Schematic illustration of highly efficient hierarchical cyanine-based micelles integrating photothermal therapy and synergistic chemotherapy

for cancer eradication.
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Materials and methods

Materials

B-benzyl-L-aspartate N-carboxyanhydride (BLA-
NCA) was obtained from Enlai Biological Technology
Company (Chengdu, China). mPEG-NH> (12000 MW)
was purchased from Jenkem Technology Company
(Beijing, China). mPEG-b-PAsp was synthesized as
mentioned method in the reference (The degree of
polymerization of PAsp segment was calculated to be
56 according to 'H-NMR spectrum, Supplementary
Material: Fig. S1) [17, 19]. AO was purchased from
Amresco. N-Methyl pyrrolidone (NMP), ICG and
decylamine were obtained from Sigma-Aldrich. DHE
was obtained from Wusheng Company (Shanghai,
China).

Synthesis and preparation

mPEG-b-PAsp was reacted with decylamine in
NMP at 45 °C overnight. Then, the solutions were
dialyzed in the mixture of ethanol and water for re-
moving excess amines and then were dialyzed in wa-
ter. Finally, mPEG-b-PAsp(DA) was obtained by ly-
ophilizing the dialyzed solutions, and their degrees of
polymerization were calculated to be 52 according to
TH-NMR spectrum (Supplementary Material: Fig. S2).

2 mg ICG, 2 mg DOX and 6 mg mPEG-b-
PAsp(DA) were mixed at the ratio of 1:1:3 in the
mixture (5 ml) of CHxCl; and triethylamine, and then
the solutions were evaporated using rotary evapora-
tor. Subsequently, the micelles were prepared by
dispersing the evaporated mixture in de-ionized wa-
ter and purified using centrifuge separation via ultra-
filtration (Cut-off 100 K MW) at 4 °C. ICG-Micelles or
DOX-Micelles were prepared by mixing mPEG-b-
PAsp(DA) with ICG or DOX at the ratio of 4:1 ac-
cording to same procedure, respectively. Free
ICG/DOX was obtained by mixing ICG and DOX in
PBS.

Characterization

Dynamic light scattering (Malvern, UK) was
used to measure the hydrodynamic diameter of mi-
celles at 25 °C. The absorbance and fluorescent spec-
trums of ICG or DOX were measured using UV-Vis
Spectrophotometer (UV2600, Shimadzu) and Fluo-
rescence Spectrophotometer (LS 55, Perkin Elmer),
respectively.

Drug release

The drug release behaviors of ICG and DOX
from I/D-Micelles containing 0.3 mg ICG and 0.3 mg
DOX were evaluated using dialysis method respec-
tively, and free ICG/DOX in DMSOwas used as the
control. The drug release was performed in air Con-

stant Temperature Oscillator shaker at 37 °C. 100 ml
PBS (0.2 M, pH 7.4) was used as the release medium,
respectively. The samples (1.0 mL) were taken after
0.16, 0.3, 05, 1, 2, 4, 6, 8, 10 and 24 h with the re-
placement of an equal volume of fresh medium.
UV-Vis spectrometer and Fluorescence Spectropho-
tometer were used to measure the concentrations of
ICG and DOX in the samples, respectively.

Photothermal effect

I/D-Micelles and free ICG/DOX (each 0.5 mL) at
the concentrations of 1, 2, 5, 10, 25, 50, 75 and 100
pg/mL ICG were stored in the transparent plastic
vials and then were irradiated at the excitation wave-
length of 785 nm (1.5 W/cm?, FS-Optics, China). Sim-
ultaneously, the temperature of the solution was
monitored during 200 s. PBS was used as the negative
control in this experiment.

Cellular uptake

Ab549 cells were seeded on 24-well culture plates
(3%10° cells/well) and incubated overnight in DMEM
containing 10% FBS. I/D-Micelles and free ICG/DOX
(4 pg/mL ICG) were respectively applied to the wells.
After 6 and 24 h incubation, the cells were washed 3
times using PBS. The cells were incubated with 0.5 mL
trypsin (Sigma-Aldrich, USA) for 3 min at 37 °C, and
then the cells were counted after centrifuge collection.
The counted cells suffered from ultrasonication, and
then ICG and DOX were further extracted from the
cells using methanol. Finally, the concentrations of
ICG and DOX were measured via UV-Vis and fluo-
rescent assay, respectively. The results are presented
as a mean and standard deviation obtained from 6
samples.

Flow cytometry

A549 cells (1.2x10¢ cells/well) were seeded in
6-well plates. A549 cells were treated with PBS (Con-
trol) and the different inhibitors including chlor-
promazine (inhibitor of clathrin-mediated uptake, 10
pg/mL), filipin (inhibitor of caveolae-mediated up-
take, 5 pg/mL), and amiloride (inhibitor of
macropinocytosis, 100 pg/mL) in serum-free DMEM
medium for 1 h at 37 °C or 4 °C, respectively. Then,
I/D-Micelles (4 pg/mL DOX/ICG) were further
added to the medium for another 1 h incubation.
Subsequently, the cells were washed 3 times using
PBS, treated with trypsin, centrifuged at 4 °C, and
finally suspended in 0.5 mL of PBS. The fluorescent
intensity of DOX in cells was analyzed by flow cy-
tometry (BD LSR 11, NJ) after filtration.

Disruption of lysosomal membranes

To evaluate the disruption of lysosomal mem-
branes, AO was utilized as an intracellular indicator
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of acidic organelle integrity in A549 cells [17]. AOis a
metachromatic fluorophore that becomes charged and
is retained by proton trapping within acidic com-
partments. When normal cells were excited with blue
light, AO in lysosomes emits an intense red fluores-
cence, while AO in nuclei and cytosol displays green
fluorescence. When acidic compartments such as ly-
sosomes is disrupted, the red fluorescence from AO
disappears and only green fluorescence can be ob-
served. In this study, A549 cells were seeded over-
night on glass slides in 35-mm dishes, and treated
with PBS and I/ D-Micelles at the concentrations of 0.1
and 0.2 pg/mL ICG for 6 h, respectively. Then, the
cells were incubated in fresh medium, followed by 3
min photoirradiation at 1.5 W/cm?. After 1 h, the cells
were washed using PBS and fixed for 10 min using 1
mL mixture of methanol/ glacial acetic acid (3:1).
Then, A549 cells were washed using PBS and further
incubated with 6 pM AO (1.0 mL) for 15 min. The cells
were washed 3 times with PBS before subjected to
confocal microscopy imaging (Nikon Eclipse
TE2000-E) with the excitation wavelength of 488 nm,
and emission wavelengths from 515 to 545 nm (green)
and from 610 to 640 nm (red).

MTT assay

Ab549 cells were incubated with different formu-
lations including free ICG/DOX, ICG-Micelles,
DOX-Micelles and 1/ D-Micelles at various concentra-
tions including 0.005, 0.12, 0.25, 0.5, 1.0, 2.0, and 4.0
pg/mL with or without photoirradiation (1.5 W/cm?)
for 24 h, and then the cells were washed using PBS.
After 24 h, the cell viability was evaluated using MTT
assay. For photothermal injury, the cells were incu-
bated with ICG-Micelles containing various concen-
trations of ICG for 24 h, and then suffered from 3 min
photoirradiation at 1.0, 1.5 and 3.0 W/cm?2 Subse-
quently, the cell viability was measured using MTT
assay.

Trypan blue staining

To validate cell injury, A549 cells were seeded
overnight in 24-well plates, and then treated with PBS
and I/D-Micelles at the concentration of 4.0 pg/mL
ICG/DOKX for 24 h, respectively. Then, the cells were
incubated with fresh medium and then exposed to a
785 nm laser at 1.5 W/cm?. After 1 h, the cells were
washed 3 times using PBS, followed by the addition of
0.2 mL trypan blue solution (0.1 wt %). Then, A549
cells were observed using an optical microscope after
wash. Trypan blue dye molecules can easily penetrate
plasma membranes of dead cells to stain the nuclei,
but viable cells can not be stained.

Monitoring of singlet oxygen
Free ICG/DOX and I/D-Micelles containing

various concentrations of ICG in PBS solutions con-
taining 32.0 png/mL DPBF (1.0 mL) were irradiated for
3 min at 1.5 W/cm? for singlet oxygen measurement.
The fluorescent spectrum was scanned from 450 to
565 nm using an excitation wavelength of 403 nm.
Then, the fluorescence intensity at 485 nm was rec-
orded. The solution of DPBF without ICG in darkness
was used as the control.

DHE staining

Reactive oxygen species (ROS) formation was
monitored by fluorescence microscopy using dihy-
droethidium (DHE) as the indicator. Briefly, cells
were seeded on 24-well plates at the density of 2x105
each well and incubated with I/D-Micelles containing
0.1, 0.2 and 0.5 pg/mL ICG for 6 h. After the cells were
washed 3 times using PBS, 0.2 mL DHE solution (5
M, PBS) was added into the cells for 30 min at 37 °C,
simultaneously accompanying with or without 3 min
photoirradiation (785 nm, 1.5 W/cm?). Then, the cells
were washed twice using PBS, and observed using an
optical microscope with the excitation of green light.

Hemolysis

Rabbit blood was collected in a hepa-
rin-containing tube and centrifuged at 1500 rpm for 5
min to separate red blood cells (RBC) from plasma,
which were washed and diluted with isotonic PBS at
pH 7.4. The solutions of copolymer were incubated
with 2% (v/v) RBC suspensions at 37 °C for 1 h at 0.4,
0.8,1.2,1.6, and 2.0 mg/mL, respectively. The unlysed
RBC were removed by centrifugation, and the super-
natant was analyzed by UV/Vis spectroscopy at 545
nm. The percentage hemolysis was determined using
the following equation:

Hemolysis (%) = (Asamp1e-Ao%)/(Aloo%-Ao%) x 100%

where Asample, Aoy and Aqooy represent the absorbance
of the samples, the negative control (PBS) and the
positive control (distilled water), respectively.

Biodistribution

A549 cells (1x107 cells/each mouse) were sub-
cutaneously injected into the flanks of female BALB/c
nude mice (16-18 g) for constructing the tu-
mor-bearing mice. Then, the tumor-bearing mice were
injected intravenously with free ICG/DOX and
I/D-Micelles at the dose of 7.5 mg/kg ICG/DOX,
respectively. Then, the various tissues including
heart, liver, spleen, lung, kidney and tumor were ex-
tracted from the mice at 24 h post-injection, respec-
tively. Finally, the tissues were imaged using IVIS
Lumina II with the excitation wavelength of 745 nm.
The NIRF signals from I/D-Micelles in the tissues
were calculated to describe the ex vivo biodistribution
of ICG at 24 h. Subsequently, the tissues were further
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homogenized in 1.0 mL physiological saline for
measuring the biodistribution of DOX. Methanol and
chloroform were respectively used to extract DOX
from the solutions. Finally, the samples were
re-dissolved using methanol for HPLC analysis of
DOX at the wavelength of 254 nm.
In vivo imaging

A549 cells (1x107 cells/each mouse) were sub-
cutaneously injected into the flanks of female BALB/c
nude mice (16-18 g) for constructing the mice bearing
A549 tumors. Free ICG/DOX and I/D-Micelles were
intravenously into the above mice at the dose of 7.5
mg/kg ICG or DOX, respectively. Then, the mice
were imaging using IVIS Lumina II with the excitation
wavelength of 745 nm at 6, 24, 48, 96, and 144 h
post-injection. The average NIRF intensity at tumor
was calculated to describe the photon signals at tumor
at different time.

In Vivo efficacy

Ab549 cells (1x107 cells/each mouse) were subcu-
taneously transplanted into the flanks of female mice
[17]. When the tumors reached a size of 50~70 mm?3
(about 10 days after transplantation), various formu-
lations including PBS, free ICG/DOX, ICG-Micelles,
DOX-Micelles, and I/D-Micelles were injected intra-
venously into the mice at the dose of 7.5 mg/kg
ICG/DOX on day 0, 2, and 4, respectively. Subse-
quently, the tumors suffered from 5 min photoirradi-
ation (1.0 W/cm?) or not at the wavelength of 785 nm
at 24 h post-injection. The tumor volumes were
measured to evaluate the anticancer efficacy of vari-
ous groups. The tumor volume (V) was calculated as
follows: V= LxW2/2, where W is the tumor meas-
urement at the widest point, and L is the tumor di-
mension at the longest point. The tumor volumes are
normalized against the original volumes at 0 day for
monitoring the tumor growth. The mice were sacri-
ficed by cervical dislocation under an anesthetic status
after the experiments (26 days post-injection). The
statistic difference was analyzed using t test where P
value of <0.05 is considered significant.

Results and discussion

Synthesis, preparation and characterization

To date, there are still some major drawbacks of
cyanine dyes (e.g. ICG) for NIRF imaging and PTT
including insufficient tumor accumulation and cell
internalization, and quick elimination at tumor, which
can cause insufficient imaging contrast and poor
photothermal efficacy [13, 20-22]. Even though some
nanocarriers such as polymeric nanoparticles and
calcium phosphate nanoparticles have already been
employed to incorporate cyanine dyes (e.g. ICG) to

improve the photostability and target specificity for
cancer NIRF imaging [3, 20, 22-24], most reports dealt
with in vitro photothermal efficiency or in vivo efficacy
via intratumor administration, rather than intrave-
nous administration [7, 12, 14, 21]. Consequently, the
nanostructure with superior cell internalization, en-
hanced tumor accumulation and retention capabilities
is highly expected to provide an ideal strategy to
achieve efficient co-delivery of ICG and DOX [25-27].
Polymeric micelles as clinically potential nanocarrier
possess multiple advantages such as high loading
capacity, good stability, sustained release, prolonged
circulation, enhanced permeability and retention
(EPR) effect and preferable cell internalization [28-32].
Here, the copolymer consisting of monomethoxy
poly(ethylene glycol) and decylamine-grafted
poly(l-aspartic acid) (mPEG-b-PAsp(DA)) was syn-
thesized by ring-opening polymerization of B-benzyl
L-aspartate N-carboxy-anhydride (BLA-NCA) with
mPEG (12 kDa) and subsequent aminolysis of dec-
ylamine (Fig. 1) [19, 33]. "TH-NMR analysis confirmed
the chemical structure of the copolymers (Supple-
mentary Material: Fig. S1 and S2) and gel permeation
chromatography measurement also confirmed this
synthesis (M./M;=1.08, data not shown) [17]. In order
to  evaluate the  potential  toxicity  of
mPEG-b-PAsp(DA), we evaluated the hemolysis of
mPEG-b-PAsp(DA) by incubating with red blood cells
for 1 h at different concentrations. The hemolytic
percentage of mPEG-b-PAsp(DA) was lower than 5%
at the concentration of up to 1.6 mg/mL (5% is con-
sidered as the threshold), indicating that this copol-
ymer has a negligible hemolytic activity (Supple-
mentary Material: Fig. S3).

mPEG-b-PAsp(DA), ICG and DOX at the ratio of
3:1:1 were dissolved in the mixture of methanol and
triethylamine. Then, the solution was evaporated into
an uniform membrane, which was further dispersed
into water and purified for the construction of
ICG/DOX-loaded = mPEG-b-PAsp(DA)  micelles
(I/D-Micelles). I/D-Micelles had the spherical mor-
phology and average diameter of 71.4 nm with the
polydispersity index of 0.2 (Supplementary Material:
Fig. 54). We evaluated the entrapment efficiency of
ICG and DOX within the micelles using centrifuge
tubes with 100 kDa membrane filters. 95.0% * 0.8%
ICG and 82.3% + 0.8% DOX were entrapped within
the micelles at the total drug loading level of 40%,
exhibiting a superior drug loading capacity when
compared with those of the existing nanoparticles [12,
20, 22, 24]. Most of the existing biodegradable poly-
mers exhibit a relatively low drug loading capacity for
the encapsulation of ICG [20-22, 24], This high loading
might result from the hierarchical arrangement of
amphiphilic ICG at the interfaces between micellar
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cores and aqueous phase. Possibly, the micellar cores
with alkyl chains might perfectly assemble with the
hydrophobic segment of surfactant-like ICG, in which
its hydrophilic groups face the aqueous phase
(Scheme 1/Figure A).

The aqueous stability of ICG is a prerequisite for
cancer therapy, and thus we evaluated the aqueous
stability of ICG in I/D-Micelles at 25 °C. Fig. 2A and
Supplementary Material: Fig. S5 show that
I/D-Micelles resulted in good stability of ICG in the
absorbance and fluorescence at pH 4.5 and pH 7.4 for

Figure I. Synthetic route of mPEG-b-PAsp(DA).

at least 48 h as compared to free ICG and DOX
(ICG/DOX), indicating that the micelles can maintain
a stable micellar structure in aqueous solution at
acidic and physiological pH owing to the perfect en-
capsulation of ICG and DOX within the micelles [22,
34, 35]. It also implies that the micelles are able to
protect double bonds in the hydrophobic segment of
ICG from the degradation in acidic endocytic com-
partments at tumor owing to the hierarchical assem-
bly of ICG within micellar cores.
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Figure 2. (A) Relative UV absorbance of ICG at 785 nm in aqueous solution at pH 4.5 and 7.4 during 48 h, (B) change of temperature of 0.5 mL I/D-Micelles at various
concentrations of ICG as the function of photoirradiation time (1.5 W/cm?2), (C) release behavior of DOX from free ICG/DOX and I/D-Micelles in aqueous solution
at pH 7.4, (D) release behavior of ICG from free ICG/DOX and I/D-Micelles in aqueous solution at pH 7.4.
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To demonstrate the photothermal capacity of
I/D-Micelles, we also evaluated their photothermal
effect at various concentrations of ICG in aqueous
solution. I/D-Micelles (0.5 mL) exhibited a quick in-
crease of temperature from 25 °C to 42 °C in 200 s at
the concentration of 2.0 ng/mL ICG upon 1.5 W/cm?
photoirradiation (Fig. 2B). PBS as a negative control
did not trigger the increase of temperature. It indi-
cates that I/D-Micelles at a relatively low concentra-
tion of ICG can quickly trigger hyperthermia during a
short photoirradiation and higher concentrations can
cause more significant hyperthermia, which plays a
key prerequisite to trigger cell death (above 42 °C) [36,
37]. Additionally, I/D-Micelles also display superior
photothermal capacity over free ICG/DOX, possibly
owing to better stability of ICG in micelles (Supple-
mentary Material: Fig. S6) [38, 39]. Additionally, the
encapsulated ICG within micellar cores might also
trigger higher condensed concentrations as compared
to free ICG, and thus result in higher energy efficiency
and lower heat dissipation after irradiation, which
finally contribute to the enhanced photothermal effect
as well. Furthermore, we demonstrated the release
behaviors of ICG and DOX from I/D-Micelles at pH
7.4 and 37 °C. The micelles resulted in sustained re-
lease of ICG and DOX as compared to free ICG/DOX
(Fig. 2C and 2D), indicating that I/D-Micelles are
advantageous to minimize undesirable release for
achieving targeting effect.

Cellular uptake, endocytic pathways, and
photothermal damage

To demonstrate whether I/D-Micelles can be
internalized by cancer cells, we evaluated their cellu-
lar uptake capability on A549 cells. Fig. 3A shows that
I/D-Micelles significantly improved the cellular up-
takes of ICG and DOX by 3 and 4 times after 6 h in-
cubation compared to free ICG/DOX respectively,
and 24 h incubation resulted in more significant 8-fold
and 11-fold increases, indicating that the micelles can
easily improve the cellular uptake of ICG and DOX
[40]. The enhanced uptake can contribute to the in-
tracellular accumulation of ICG, which is expected to
reach 2.0 pg/mL for triggering the hyperthermia.
Subsequently, the endocytic pathway of I/D-Micelles
was further elucidated using flow cytometry, and
several inhibitors of endocytosis including chlor-
promazine, filipin, and amiloride were used to inhibit
various endocytic pathways [41]. Fig. 3B shows that
chlorpromazine at 10 pg/mL as an inhibitor of clath-
rin-mediated endocytosis resulted in the decrease of
60% in the cellular uptake of DOX (Supplementary
Material: Fig. S7), suggesting that I/D-Micelles were
mainly internalized via a clathrin-mediated endocytic
pathway, which plays a key role for the internaliza-
tion of the micelles into cancer cells [41]. In addition,
low temperature (4 °C) also triggered a significant
decrease of cellular uptake of DOX, indicating that the
endocytotic cellular uptake is also energy-dependent
[42]. The clathrin-mediated pathway allows the mi-
celles to undergo the endolysosomal transport for
their intracellular delivery [40].

A ® ICG in Free ICG/DOX B
- ¥ |CGin I/D-Micelles —_
§ 2 7 "DOXinFreeICGDOX 3 1;8
- . .
=) DOXiin I/D-Micelles % 80 Figure 3. (A) Amounts of internalized ICG
B fG:_J and DOX by A549 cells after 6 h and 24 h
= -% 60 incubation with free ICG/DOX and
2 2 40 I/D-Micelles containing 4 pg/mL ICG/DOX,
g'_ £ 20 (B) relative fluorescent intensity of
[}
g x g I/D-Micelles internalized by A549 cells
) ) )
o N . X treated with PBS (control), chlorpromazine
6h 24h QS.\O &\'\\e’ .;\\'Q\o »0{\& b.o (10 pg/mL), filipin (5 pg/mL), amiloride (100
°® @\“ « & pg/mL) at 37 °C, and PBS at 4 °C using in vitro
\0& flow cytometry analysis, (C) cell viability of
o A549 cells treated with I/D-Micelles at
various concentrations under darkness, 1.0
R - W/em?, 1.5 W/em2, and 3 W/cm? pho-
¢ D __:Erg)ekﬁsggx ::ngﬁ&?gmﬂzg toirradiation (3 min), respectively, (D) cell
m Darkness m1.5 W,u.nz —=-|CG-Micelles . IC G-Micelles/imadiation viability of A549 cells treated with various
2 2 ——1/D-Micelles —e—1/D-Micelles/iradiation formulations including free ICG/DOX,
120 1.0Wiem< 3.0 Wiem 100 ICG-Micelles, DOX-Micelles and
£ 100 g 80 I/D-Micelles at various concentrations
; 20 . N > without or with 3 min photoirradiation (1.5
= = 60 W/cm?), respectively.
< 60 .'@
z 40 % 40
S 20 3 20
0 0
01051 2 5 10 20 50100

Concentration (ug/ml)

Concentration (ug/ml)

http://lwww.thno.org



Theranostics 2014, Vol. 4, Issue 4

406

To examine the photothermal injury of
I/D-Micelles on cancer cells, we incubated A549 cells
with the micelles encapsulating ICG alone
(ICG-Micelles) in the absence of DOX for 24 h, fol-
lowed by 3 min photoirradiation. ICG-Micelles exhib-
ited negligible cytotoxicity in the absence of pho-
toirradiation and could be considered as a non-toxic
agent (Fig. 3C). However, ICG-Micelles directly trig-
gered severe photothermal damage on A549 cells
upon photoirradiation (~12 pg/mL ICs at 1.5
W/cm?), which is also dependent on the irradiation
intensity and concentrations of ICG (Fig. 3C) [12, 21].
It implies that I/D-Micelles can potentially trigger
severe photothermal injury on cancer cells via the
enhanced cellular uptake of ICG and subsequent de-
stabilization of subcellular structure.

To further demonstrate the synergistic cytotoxi-
city of I/ D-Micelles between photothermal effect from
ICG and chemotherapy from DOX on cancer cells, we
incubated A549 cells with various formulations for 24
h, followed by 3 min photoirradiation. ICG-Micelles
exhibited a slight cytotoxicity against A549 cells upon
photoirradiation at the relatively low concentration
range (<4 pg/mL) (Fig. 3D). Both the micelles encap-
sulating DOX alone (DOX-Micelles) and I/ D-Micelles
without photoirradiation had the ICsp value of about
0.5 pg/mL, indicating that the chemotherapy exhibits
more obvious cytotoxicity at the similar low dose
range. Importantly, I/D-Micelles displayed the ICs
value of 0.12 pg/mL upon photoirradiation, and
possessed significant cytotoxic advantages over
I/ D-Micelles without photoirradiation, DOX-Micelles
and free ICG/DOX [43]. The lower ICs value is highly
potential to improve the therapeutic index of anti-
cancer agent owing to the enhanced susceptibility of
cancer cells to the micelles. The cell death of
I/D-Micelles was further validated by trypan blue
staining of the nuclei in dead cells (Fig. 4), indicating
that the cells suffered from severe damage from
I/D-Micelles at a relatively low dose range [12, 43].
Obviously, I/D-Micelles exhibit synergistic cytotoxi-

A

city via a combinational photothermo-chemotherapy.
However, I/D-Micelles at a low concentration of ICG
(<2 pg/mL) have a weak hyperthermia as Fig. 2B, so
the synergistic cytotoxicity of I/D-Micelles is unlikely
originated from hyperthermia in the dose range of
0.005~2 pg/mL. Consequently, it is highly necessary
to explore the key synergistic mechanism of
I/D-Micelles other than photothermal therapy or
chemotherapy. We hypothesize that the synergistic
cytotoxicity is correlated with the generation of in-
tracellular singlet oxygen from amphiphilic ICG [24,
44-46], which can trigger the disruption of lysosomal
membranes via a photochemical internalization (PCI)
effect, and subsequently induce enhanced suscepti-
bility of cancer cells to DOX [44-46].

Generation of singlet oxygen

To validate the generation of singlet oxygen
from ICG via photodynamic effect, we firstly moni-
tored the generation of singlet oxygen in aqueous
solution from I/D-Micelles using 1,
3-diphenyliso-benzofuran (DPBF) as a probe, which
can specifically be quenched in the presence of singlet
oxygen. Fig. 5A shows that I/D-Micelles began to
generate detectable amount of singlet oxygen at a
concentration of as low as 0.1 pg/mL upon pho-
toirradiation, and exhibited a concentra-
tion-dependent production of singlet oxygen in
aqueous solution, indicating that ICG is highly capa-
ble of inducing singlet oxygen at a low concentration.
Additionally, the generation of singlet oxygen from
I/D-Micelles was similar to that from free ICG/DOX
(Fig. 5A). ICG exhibited negligible quenching of sin-
glet oxygen, even though ICG was encapsulated
within the micelles at a high drug loading. Possibly,
amphiphilic ICG hierarchically arranges at the inter-
face of micelles, and is able to directly release singlet
oxygen into aqueous solution without significant
quenching as illustrated in Fig. 5B. This hierarchical
structure of ICG within micelles might be considered
as a singlet oxygen-permeable structure.

R

P - 3 &, e
L

Figure 4. (A) Trypan blue staining image of A549 cells incubated with PBS under 3 min photoirradiation (1.5 W/cm?), (B) trypan blue staining image of A549 cells
incubated with I/D-Micelles at the concentrations of 4 pg/mL ICG/DOX with 3 min photoirradiation (1.5 W/cm?2).
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Figure 5. Fluorescent intensity of DPBF after trapping singlet oxygen from I/D-Micelles and free ICG/DOX at various concentrations of ICG under 3 min pho-
toirradiation (1.5 W/cm?) (A), proposed hierarchical arrangement of ICG at the interfaces of micelles (B), and fluorescent images of A549 cells treated with
I/D-Micelles using DHE staining for singlet oxygen detection in absence of photoirradiation at the dose of 0.1 pg/mL ICG (C), I/D-Micelles under 3 min photoirra-
diation (1.5 W/cm?2) at the dose of 0.1 pg/mL ICG (D), 0.2 pug/mL ICG (E), and 0.5 pg/mL ICG (F).

To further validate the formation of intracellular
singlet oxygen from 1/D-Micelles, we observed the
production of singlet oxygen in cells using dihy-
droethidium (DHE) as an intracellular reactive oxy-
gen species (ROS) probe, which can emit red fluores-
cence signals inside cell nuclei after it is oxidized into
2-hydroxyehtidium by ROS [11, 47]. I/D-Micelles
without photoirradiation as control group had no
fluorescence, implying that I/D-Micelles cannot
produce singlet oxygen in cells in the absence of
photoirradiation (Fig. 5C). However, I/D-Micelles at
the dose of 0.1 pg/mL ICG resulted in weak fuzzy
fluorescence upon photoirradation (Fig. 5D), indicat-
ing that only a small amount of singlet oxygen were
generated in cells at a low dose of ICG. Subsequently,
red fluorescence was dramatically increased at higher
doses of ICG (Fig. 5E and 5F), implying that more
singlet oxygen were generated in the presence of the
higher dose of ICG. It indicates that intracellular sin-
glet oxygen was effectively generated and also exhib-
ited a concentration-dependent increase in the dose
range of 0.1~0.5 pg/mL ICG, in which ICG is unable
to cause hyperthermia. The generation of intracellular
singlet oxygen was also validated by slight photocy-
totoxicity of ICG-Micelles at the low dose range (Fig.
3D). Obviously, the formation of intracellular singlet
oxygen from I/ D-Micelles at a low dose is essential in
mediating the disruption of lysosomal membranes.

We further monitored the disruption of lysoso-
mal membranes triggered by singlet oxygen from
I/D-Micelles upon photoirradiation using acridine
orange (AO) as an intracellular indicator, which can
emit red fluorescence in intact acidic lysosomes, and
display green fluorescence in neutralized cytosol and
nuclei. The confocal laser scanning microscopy im-
aging shows that the acidic lysosomes in A549 cells

treated with PBS displayed red fluorescence in the
absence of photoirradiation, which was similar to
those suffered from photoirradiation (Fig. 6A and 6B).
It indicates that the lysosomal compartments were
still stable in the absence of ICG regardless of pho-
toirradiation. However, the red fluorescence from AO
was remarkably decreased in the presence of
I/D-Micelles containing 0.1 pg/mL ICG upon pho-
toirradiation, and mostly disappeared when the dose
of ICG reached 0.2 pg/mL (Fig. 6C~6F). It indicates
that I/D-Micelles at a low dose of ICG can effectively
disrupt lysosomal membranes upon photoirradiation.
Even though a few studies have reported that gold
nanorods-mediated hyperthermia could trigger dis-
ruption of lysosomal membranes under strong irra-
diation [5], I/D-Micelles at a low dose range is not
possible to trigger hyperthermia. Therefore, intracel-
lular singlet oxygen from ICG possibly acts as a key
role for the disruption of lysosomal membranes and
thereof cytoplasmic delivery via PCI effect. Obvious-
ly, the disruption of lysosomes is highly advanta-
geous to realize endolysosomal escape of
I/D-Micelles into cytosol and potentially improve the
accessibility of DOX to nucleus, which contribute to
the synergistic cytotoxicity of I/D-Micelles.

Biodistribution and in vivo NIRF imaging

To demonstrate the biodistribution behavior of
I/D-Micelles, we intravenously injected I/ D-Micelles
into the mice bearing A549 tumor and evaluated the
concentrations of DOX and ex vivo NIRF intensities of
ICG at various tissues at 24 h post-injection. Both ICG
and DOX from I/D-Micelles were mainly distributed
into tumor, liver, and kidneys at 24 h post-injection
(Fig. 7A~7B). 1I/D-Micelles resulted in 2.5-fold and
2.4-fold higher accumulations of ICG and DOX at
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tumors compared to free ICG/DOX respectively,
which might be attributed to EPR effect of the micelles
with small size [24, 29]. The enhanced accumulation
of ICG at tumor is able to improve signal to noise ratio
of imaging (Fig. 7C), which is a key prerequisite for
improving imaging contrast. Additionally, Free ICG
also exhibited a slight ability to accumulate at tumor
site at this dose due to its amphiphilicity as shown in
Fig. 7C. On the other hand, the enhanced accumula-
tion of DOX at tumor and its lower distribution at
heart might potentially achieve superior chemother-
apy with lower adverse side effect as well.

To further demonstrate the capacity of
I/D-Micelles for cancer imaging, we subsequently
evaluated the in vivo NIRF imaging of I/ D-Micelles on
the mice bearing A549 tumors. I/D-Micelles were
mainly distributed into liver, kidney, gastrointestinal
tract and tumor at 6 h post-injection (data not shown),

| E—
xy:20um

®y:20 um

and exhibited a significant accumulation of NIRF
signals at tumor at 24 h post-injection (Fig. 7D), which
is in accordance with its biodistribution as shown in
Fig. 4B. In particular, I/D-Micelles exhibited a rela-
tively long-term retention of detectable NIRF signals
at tumor during the imaging period of 6 d as com-
pared to free ICG (Supplementary Material: Fig. S8),
accompanying with low noise from normal tissues
such as liver, kidney and spleen after 24 h
post-injection. Possibly, the enhanced accumulation of
ICG at tumor without quick leakage and its quick
elimination at normal tissues contribute to high SNR
level at tumor [3, 17]. Obviously, I/D-Micelles possess
good targeting capacity to tumor, which might allow
us to detect the tumor at a high SNR level and achieve
the good tumor localization for guiding subsequent
photothermal treatment.

—
%20 um

Xy:20 um

Figure 6. Observation of lysosomal disruption of A549 cells treated with I/D-Micelles with 3 min photoirradiation (1.5 W/cm?2) using AO staining. The cells were
respectively treated with PBS without photoirradiation (A), PBS with photoirradiation (B), I/D-Micelles containing 0.1 pg/mL ICG without photoirradiation (C),
I/D-Micelles containing 0.1 pg/mL ICG with photoirradiation (D), I/D-Micelles containing 0.2 ug/mL ICG without photoirradiation (E), and I/D-Micelles containing 0.2
pg/mL ICG with photoirradiation (F), followed by AO staining. AO as an intracellular indicator emits red fluorescence in acidic lysosomes (6 10~640 nm, red), and

displays green fluorescence in neutralized cytosol and nuclei (515~545 nm, green).
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Figure 7. (A) Amounts of DOX from free ICG/DOX and I/D-Micelles in heart, liver, spleen, lung, kidney, and tumor of the mice at 24 h post-injection at the dose
of 7.5 mg/kg ICG/DOX, respectively, (B) NIRF intensities and (C) ex vivo imaging of ICG from free ICG/DOX and I/D-Micelles in heart, liver, spleen, lung, kidney, and
tumor of the mice at 24 h post-injection at the dose of 7.5 mg/kg ICG/DOX, respectively, (D) in vivo NIRF imaging of the mice bearing A549 tumor injected with
I/D-Micelles at the dose of 7.5 mg/kg ICG/DOX at |, 2, 4 and 6 day post-injection, respectively, (E) tumor growth inhibition profiles of the mice bearing A549 tumor
injected with various formulations including PBS, free ICG/DOX, ICG-Micelles, DOX-Micelles, and I/D-Micelles at the dose of 7.5 mg/kg ICG on day 0, 2, and 4,
followed by 5 min photoirradiation (1.0 W/cm?2) or not at 24 h post-injection, respectively (n=3), (F) photos of the tumors extracted from the mice bearing A549
tumor at the end of the experiment (I/D-Micelles exhibited completely tumor eradication and ICG-Micelles displayed tumor re-growth, n=3).

In vivo synergistic efficacy

To elucidate the in vivo synergistic efficacy of
theranostic micelles, I/D-Micelles were injected into
the mice bearing A549 tumors at the dose of 7.5
mg/kg ICG/DOX, and then the tumors were irradi-
ated at 1.0 W/cm? for 5 min at 24 h post-injection.
Subsequently, tumor volumes were measured for up
to 26 days. The tumor volumes were normalized
against their original volumes (0 day) for monitoring
the tumor growth behavior (Fig. 7E). The control
group with or without photoirradiation exhibited
significant increase of tumor volumes by 10~13 times
compared to their original volumes (Supplementary
Material: Fig. S9), indicating that photoirradiation
itself has a negligible influence on tumor growth in
the absence of ICG and DOX. DOX-Micelles and
I/D-Micelles without photoirradiation exhibited a
similar inhibition effect on tumor growth, and their

tumor volumes were increased by 3~4 times after 26
days post-injection. Obviously, DOX in I/ D-Micelles
plays a key role for their anticancer efficacy, and ICG
exhibits no therapeutic activity in the absence of
photoirradiation. Even though DOX within
I/D-Micelles or DOX-micelles was effectively deliv-
ered into tumors and achieved the enhanced chemo-
therapy compared to free ICG/DOX, the tumors suf-
fering from chemotherapy alone still displayed the
slow tumor growth without total eradication, indi-
cating that some cancer cells survive from the chem-
otherapy. On the other hand, ICG-Micelles without
photoirradiation also displayed a similar tumor
growth behavior to that of control group and could be
considered as a nontoxic agent. Interestingly,
ICG-Micelles exhibited a significant photothermal
injury on tumors upon photoirradiation, and trig-
gered the necrosis and regress of tumors 4~6 day
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post-injection. It indicates that the micelles effectively
deliver sufficient amount of ICG into the tumor and
thus induce severe hyperthermia, accompanying with
the generation of singlet oxygen upon photoirradia-
tion, which jointly trigger more lethal damage on
cancer cells than the cytotoxicity of DOX-Micelles or
I/D-Micelles without photoirradiation (Fig. 7F) [17].
But we subsequently found the obvious tumor
re-growth during 14~18 days post-injection, indicat-
ing that ICG-Micelles could not completely eradicate
the tumors possibly owing to the proliferation of re-
sidual cells surviving from severe photothermal
damage (Supplementary Material: Fig. S9) [17]. The
residual cells in tumor possibly fail to internalize suf-
ficient ICG for achieving hyperthermia, and singlet
oxygen from ICG at a low dose only triggered a slight
photodynamic damage on these cells as shown in Fig.
3D. Most importantly, I/D-Micelles caused the ne-
crosis and regression of tumors 4~6 day post-injection
upon photoirradiation, and simultaneously achieved
complete tumor eradication without any re-growth
after 16 days post-injection (Supplementary Material:
Fig. S9), which is superior to those of ICG-Micelles
with photoirradiation, DOX-Micelles and
I/D-Micelles without photoirradiation (P<0.01)
(Fig. 7F). 1/D-Micelles without photoirradiation ex-
hibited obvious residual tumor and subsequent
re-growth, implying that the residual cells do not re-
spond to the lethal dose of DOX due to their insuffi-
cient cellular uptake of the micelles. Because DOX and
ICG in I/D-Micelles are co-delivered into tumor via
the endocytosis of the micelles, we can deduce that
the residual tumor surviving from chemotherapy
might also have insufficient cellular uptake of ICG,
which is difficult to trigger its lethal photothermal
injury on the residual cells. Consequently, the syner-
gistic efficacy of I/D-Micelles in the presence of pho-
toirradiation possibly ascribes to the synergistic cyo-
totxicity of I/D-Micelles with the ICs value of 0.12
pg/mL triggered by singlet oxygen-mediated PCI
effect at a low dose of ICG instead of photothermal
injury of ICG on the residual cells. Singlet oxy-
gen-mediated disruption of lysosomal membranes
provides an effective pathway to transport more DOX
to cytosol and nucleus, which can improve the sus-
ceptibility of residual cancer cells to DOX, and finally
achieve the eradication of residual tumor. Generally,
conventional strategies to combine two anticancer
drugs or combine drug with other regimens such as
radiation are frequently employed to improve anti-
cancer efficacy. However, these strategies may trigger
additional severe adverse side effects or resistance. As
described in Fig. 8, the synergistic effect between cy-
anine dye and therapeutic agent is effective to achieve
superior anticancer efficacy and can be considered as

an emerging strategy to eradicate tumor without ad-
ditional concerns of safety or resistance [11].
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Figure 8. Mechanism illustration of cyanine-based micelles as a multimodal
platform for synergistic cancer therapy.

Conclusions

In summary, we have developed a hierarchical
micelle system for multimodal synergistic therapy
guided by NIRF imaging. The micelle structure with
alkyl chains can allow amphiphilic cyanine dye and
anticancer drug to be assembled at a high drug load-
ing, and result in the enhanced cellular uptake and
tumor accumulation. I/ D-Micelles can directly trigger
severe photothermal damage on tumor upon pho-
toirradiation. Simultaneously, the hierarchical assem-
bly of cyanine dye at micelles can directly release sin-
glet oxygen into aqueous environment, and then sin-
glet oxygen-mediated disruption of lysosomal mem-
branes is highly capable of triggering the synergistic
cytotoxicity of anticancer drug with PTT for achieving
tumor eradication without any tumor re-growth.
More interestingly, the singlet oxygen-mediated syn-
ergistic mechanism can act as a popular strategy in
multimodal therapy which is potentially able to syn-
ergize other therapeutic modalities such as photody-
namic therapy for superior anticancer therapy.

Supplementary Material
Figs. S1 - S9. http:/ /www.thno.org/v04p0399s1.pdf
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