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cancer cells by generating heat within

a tumor by absorbing specific light
sources."? A major challenge of thermal
therapies is to selectively injure the targeted
tissue without damaging the normal tissue.
Minimally invasive cancer treatments are
currently being investigated, such as radio-
frequency ablation,®> magnetic thermal abla-
tion, focused ultrasound ablation,® and
laser-based PTT.%” The effectiveness of such
treatments is limited by nonspecific heating
of targeted tissue, which often injures healthy
tissue.® Since exogenous chromophores in-
crease the light sensitivity of the targeted
tissue to PTT, it offers the advantage of being
a precisely targeted treatment. Its use of
selective illumination can be repeated in the
same site if necessary, and it is less invasive
than surgery.

Such exogenous chromophores as gold
nanoparticles (NPs),”'° gold nanorods,"" ~'3
gold nanoshells," and organic chromo-
phores' like indocyanine green (ICG)'>~"7
increase heat generation within targets by
increasing the light sensitivity of targeted
tissue. Therefore, exogenous chromophores
that strongly absorb light in the near-infra-
red (NIR) region (650—900 nm) have been
widely studied because they produce loca-
lized cytotoxic heat upon NIR irradiation.
Since the tissue absorption of NIR light is
minimal, it can penetrate deep into the
tissue.'®1?

Polymethine cyanine dyes such as indo-
cyanine green (ICG), IR-783, and IR-780 io-
dide are suitable contrast agents for clinical
and experimental NIR imaging.?°~%** ICG
also exhibits unique optical properties due

Photothermal therapy (PTT) destroys
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ABSTRACT Multifunctional micelles loaded with the near-infrared (NIR) dye and labeled with
the radionuclide rhenium-188 (***Re) have been developed to provide multimodalities for NIR

fluorescence and nuclear imaging and for photothermal therapy (PTT) of cancer. The NIR dye, IR-780

iodide, allowed the micelles to have dual functions in cancer NIR imaging and PTT. The "®Re-labeled

IR-780 micelles enabled imaging by NIR fluorescence and by microSPECT to guide the delivery of

drugs and to monitor in real-time the tumor accumulation, intratumoral distribution, and kinetics of

drug release, which serve as a basis of specific photothermal injury to the targeted tissue. We also

investigated the biodistribution, generation of heat, and photothermal cancer ablation of IR-780

micelles of both in vitro and in vivo xenografts. Histopathology observed irreversible tissue damage,

such as necrotic features, decreased cell proliferation, increased apoptosis of cells, and increased

expression of heat shock proteins in the PTT-treated tumors. The "®®Re-labeled IR-780 micelles offer

multifunctional modalities for NIR fluorescence and nuclear imaging and for PTT of cancer.

KEYWORDS: photothermal therapy (PTT) - IR-780 iodide - near-infrared (NIR)
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to its strong absorption at NIR wavelengths,
which causes photothermal effects that can
trigger thermal injury and cell death both in
vitro and in vivo."> " The IR-780 iodide is a
lipophilic cation dye with peak absorption
at 780 nm that can be conveniently detected
by a NIR fluorescent detection system,?? but
it is virtually insoluble in all pharmaceuti-
cally acceptable solvents. To overcome its
solubility problem, we examined delivering
it by micelles to determine if IR-780 iodide
could be used for in vivo experiments and
clinical uses.

Polymeric nanoparticles, which include
micelles composed of amphiphilic block
copolymers, have shown great promise in
drug delivery.2*2¢ Polymeric micelles have
demonstrated good biocompatibility, high
stability both in vitro and in vivo, and
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successful encapsulation of various poorly soluble
agents. In our previous study, chlorin-core star-shaped
block copolymer (CSBC) self-assembled to encapsulate
such hydrophobic drugs as paclitaxel,” SN-38,%% and
the photosensitizer mTHPC.>? An additional benefit of
nanosized carriers is that they slowly accumulate in
pathological sites, including tumors, through the en-
hanced permeability and retention (EPR) effect, which
is known as a “passive” targeting.>° Many tumor tissues
are supplied by a leaky neovasculature with an incom-
plete endothelial barrier and poor lymphatic drainage.
The EPR phenomenon provides an opportunity for
nanosized carriers to reach their target site.

Incorporating radionuclides into micelles has been
investigated for noninvasive biodistribution studies
that produce images through single photon emission
computed tomography (SPECT)*'32 or positron emis-
sion tomography (PET).>® Nuclides frequently used for
this purpose are * ™Tc, '"'In, and %*Cu because these
isotopes are easily available, have straightforward
labeling procedures, and have half-lives that allow for
SPECT imaging.>* Recently, rhenium-188 ('®¥Re, t,, =
16.9 h) has emerged as a promising isotope for both
therapeutic and diagnostic clinical purposes because it
decays by 8 emission (Eg.max = 2.12 MeV) and by 15% y
emission (E, = 155 KeV).**

In this study, we prepared multifunctional micelles
for optical and nuclear imaging and for PTT. We
incorporated two imageable components into this
micelle, a NIR dye and a radionuclide, which created
a multifunctional drug delivery system that permitted
image-guided drug delivery and real-time monitoring
of the accumulation of the drug in the tumor, the
intratumoral distribution, and the kinetics of drug
release. We demonstrated that IR-780 iodide-loaded
micelles (IR-780 micelles), which were labeled with the
radionuclide rhenium-188 ('®8Re), can combine the
modalities of targeting, imaging, and drug delivery
on one nanocarrier. This multifunctional micelle pres-
ents simultaneous optical and nuclear imaging and
treatment capacities in one delivery system, using NIR
fluorescence imaging, microSPECT/CT imaging, and
photothermal cancer ablation. The size and morphol-
ogy of IR-780 micelles were determined by dynamic
light scattering (DLS) and transmission electron micro-
scopy (TEM), and their encapsulation efficiency and
optical properties were also analyzed. Cellular cyto-
toxicity by the IR-780 micelles upon NIR irradiation was
evaluated in human colon cancer HCT-116 cells, and a
xenograft model of these cells investigated the biodis-
tribution, SPECT imaging, generation of heat, and
photothermal cancer ablation of IR-780 micelles.

RESULTS AND DISCUSSION

We synthesized mPEG-b-PCL and Fmoc-NH-PEG-b-PCL
by a ring-opening polymerization of e-caprolactone in
the presence of either mPEG-OH or Fmoc-NH-PEG-OH,
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respectively (Figure 1). Both mPEG-b-PCL and Fmoc-
NH-PEG-b-PCL were characterized by 'H NMR spec-
trum, and the molecular weights and polydispersity of
copolymers were determined by GPC.>” The character-
istics of MPEGs-PCL;or, FMoc-NH-PEGs,-PCL;¢, and
DTPA-PEGs,-PCL,o, are summarized in Table 1. The
characteristic resonances of both PCL (H® = 1.37 ppm,
OHY = 1.65 ppm, OH = 2.28 ppm, 0H' = 4.07 ppm) and
mMPEG (OH? = 3.39 ppm and SH® = 3.65 ppm) were
observed, suggesting the coexistence of two blocks.
The molecular weight (M, ymg) of PCL was determined
by comparing the peak intensities of the methylene
protons of the oxyethylene units (OH®) of mPEG to the
methylene protons (0H%) of PCL (details in the Support-
ing Information Figure SI-1).2” This molecular weight
(MW) was in good agreement with the theoretical
MW that was calculated based on the feed ratio of
&-CL to mPEG or Fmoc-NH-PEG.

The 'H NMR spectrum of Fmoc-NH-PEG-b-PCL ex-
hibited distinct resonance signals of Fmoc moieties at
7.30—7.76 ppm, which were not present in the spec-
trum of mPEG-b-PCL (Supporting Information Figure
SI-1). Analysis by GPC revealed a shift to earlier elution
times for Fmoc-NH-PEG-b-PCL, relative to Fmoc-NH-
PEG-OH, which is consistent with an increase in MW
distribution and indicates a successful ring-opening
polymerization of e-CL. The Fmoc-NH-PEG-b-PCL co-
polymer had a slight broadening of the GPC peaks and
polydispersity compared to the Fmoc-NH-PEG macro-
initiator (Supporting Information Figure SI-2).

Amino-terminated PEG-b-PCL (H,N-PEG-b-PCL) co-
polymers were prepared via deprotection of the Fmoc-
NH-PEG-b-PCL that was accomplished by stirring Fmoc-
NH-PEG-b-PCL with 20% piperidine in DMF as previously
described.?® The NH,-PEG-b-PCL copolymers were
then purified by dialysis before being lyophilized to
dryness. The DTPA-PEG-b-PCL were prepared by
conjugating the DTPA dianhydride with the amino
group of N,H-PEG-b-PCL as described previously.*”
The conjugation efficiency of DTPA dianhydride to
NH,-PEG-b-PCL was evaluated by ITLC that analyzed
the efficiency of the '®Re labeling of DTPA-PEG-b-PCL.
It revealed that 76.8% of the radioactivity remaining
at the origin corresponded to '®8Re -DTPA-PEG-b-PCL
(Supporting Information Figure SI-3.). The copoly-
mer MW of DTPA-PEG-b-PCL was determined to be
~14000 Da by "H NMR spectroscopy and ~15 100 Da
by GPC (Table1).

The IR-780-loaded micelles, as observed by TEM, had
a spherical morphology with particle sizes in agree-
ment with DLS (Figure 2). The mPEG-b-PCL micelles
had a size distribution about 100 nm in diameter smaller
than previously reported.?” After IR-780 was loaded
into micelles using various D/P ratios, DLS determined
that the micelles ranged from 155 to 203 nm in size
with various polydispersity indices (Table 2). Those IR-
780-loaded micelles with a D/P ratio of 1:20 were
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Figure 1. Schematic diagram illustrates the fabrication of '®®Re-labeled IR-780 iodide-loaded micelles.

|
TABLE 1. Characteristics of mPEG-b-PCL and DTPA-PEG-b-
PCL Copolymers

e size®

sample Muheo” Mo Moo Mo/My (Wt %) (nm)

MPEGg-b-PCLygy 15000 15400 20900 131 0006 74432
Fmoc-NH-PEGy-b-PCLyp, 15000 14200 15900 1.8
DTPA-PEGgy-b-PCLig, 14000 15100 142

“Theoretical molecular weight hased on feed ratio. ® Calculated from "H NMR data.
 Determined by GPC. ¢ CMC indicates iitical micelle concentration. € As determined by DLS.

employed, which had an encapsulation efficiency
of 93.8%, and each micelle contained approximately
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6414 + 641 IR-780 iodide dye molecules (details are
presented in Supporting Information). The micelles
with a D/P ratio of 1:5 or 1:10 had larger particle sizes
and lower encapsulation efficiencies than those with a
D/P ratio of 1:20 (Table 2). Drug encapsulation effi-
ciency is a crucial factor in developing micelles or other
drug delivery vesicles. Moreover, since a drug solution
will be distributed all over the body, the EPR effect may
preferentially distribute nanoparticles of 100—300 nm
to the tumor,*®3° while the reticuloendothelial system
will readily scavenge drug carriers with a diameter larger
than 200 nm.***" The IR-780 micelle with a D/P ratio of
1:20, which exhibited efficient drug encapsulation and
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Figure 2. Characterization of IR-780 micelles. (A) IR-780 micelles were imaged by TEM, and the scale bar is 200 nm. (B) Size
distribution of IR-780 micelles at a D/P ratio of 1:10 was analyzed by DLS. (C) Absorbance spectra were measured for empty
micelles, free IR-780 iodide, and IR-780 micelles in PBS. (D) Temperature of IR-780-loaded micelles during 1.8 W/cm? NIR laser

irradiation was profiled, with the data presented as mean =+ SD.

|
TABLE 2. Characteristics of IR-780 Micelles

encapsulation drug content mean size/nm

polymer  D/Pratio efficiency (%) (%) (P1)?
m52 15 303 571 203.6 (0.436)
1:10 62.9 5.92 187.9 (0.317)
1:20 74.8 3.61 143.8 (0.236)
m510 15 34.6 6.47 172.2 (0.367)
1:10 63.3 5.95 165.7 (0.307)
1:20 93.8 4.47 155.0 (0.293)

“D/P ratio = weight of IR-780 iodide/weight of polymer. ° IR-780 iodide encap-
sulation efficiency (%) = (weight of IR-780 iodide in the micelles/weight of the
feeding IR-780 iodide) x 100%.  IR-780 iodide drug content (%) = (weight of IR-
780 iodide)/(weight of IR-780 iodide -+ weight of polymer) x 100%. ° As deter-
mined by DLS.

an ideal size suitable for future medical applications,
was chosen as the drug carrier for further study.

The IR-780 cyanine dye diluted in THF and IR-780
micelles in PBS strongly absorbed in the NIR region
with a maximum wavelength (1) at ~795 nm
(Figure 2Q). Since IR-780 cyanine dye is lipophobic, it
aggregates in aqueous buffer. The aggregation of
lipophilic IR-780 iodide results in a broad and blue-
shifted absorption peak at Amax = 775 nm (as showm in
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Figure 2C), which decreased the absorption from laser
diode with a wavelength of 808 nm, resulting in
reduced efficiency of PTT. In contrast, the IR-780-
loaded micelles still exhibited a relatively strong ab-
sorbance in the NIR range in aqueous buffer, indicating
that loading the lipophobic IR-780 cyanine dye in the
micelles to encapsulate it did not change its photo-
physical properties, as has also been described else-
where.*? The temperature of the IR-780-loaded micelle
medium increased rapidly during NIR irradiation and
reached maximal temperature of approximately 46 °C
after 5 min, while the empty micelles increased by
2.5 °C during NIR irradiation (Figure 2D). These results
indicate that most of the heat during NIR irradiation
came from the IR-780 dye.

The IR-780 iodide-loaded DTPA micelles (IR-780/
DTPA micelles) were labeled with '®®Re by reacting
IR-780/DTPA micelles, '®8Re-perrhenate, and stannous
chloride for 2 h at 37 °C. The "®Re-labeled IR-780/DTPA
micelles had high radioactivity and radiochemical
purity (~90%) as analyzed by ITLC (Supporting Infor-
mation Figure SI-5.).

The heat generating capabilities of IR-780 micelles in
PBS suspension were previously demonstrated, and
here we used HCT-116 cells to evaluate the cytotoxicity
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Figure 3. (A) Photothermal ablation and live/dead staining is illustrated for HCT-116 cells that were treated with 0.6 W/cm?
NIR irradiation (treated region labeled “laser”) for 10 min mediated by 10 xg/mL IR-780 micelles. The live cells are stained
green with calcein-AM, and dead cells are stained red with PI. The cytotoxicities of IR-780 micelles (B) and free IR-780 iodide (C)
in HCT-116 cells without or with 0.6 W/cm? NIR irradiation for 10 or 20 min.

of HCT-116 treated with IR-780 micelles plus NIR
irradiation. The cells were treated with IR-780 micelles
and NIR irradiation, and then live cells were stained
with calcein AM, a nonfluorescent cell-permeating
compound that is hydrolyzed by intracellular esterases
in live cells into intensely fluorescent calcein, and dead
cells with PI (Figure 3A). Live cells were determined by
the green fluorescence of calcein in the dark region.
The light regions indicated cell death, where increased
Pl penetration and binding to nucleic acids produced a
bright red fluorescence. The increased loss of cell
viability in the irradiated regions confirmed that cell
death was confined to the area treated by the IR-780
micelles with NIR irradiation. Exposing the cells to IR-
780 micelles without NIR irradiation did not compro-
mise cell viability.

The cytotoxicity of IR-780 micelles and free IR-780
iodide in HCT-116 cells without or with NIR irradiation
was also determined by the MTT assay. Treatment of
the cells with only NIR irradiation for 10 or 20 min did
not cause observation cell death (Figure 3B). Treatment
with IR-780 micelles without irradiation had more
toxicity than free IR-780 iodide in HCT-116 cells. How-
ever, we observed no systemic toxicity of IR-780 mi-
celles in nude mice, and this formulation also did not

PENG ET AL.

significantly affect body weights of the mice compared
with control groups (as shown in Figure 7B).

The HCT-116 cells treated with 2.5 ug/mL of IR-780
micelles and NIR irradiation (excess 14.4 and 53.5% of
cells killed for 10 and 20 min of irradiation, respectively)
significantly accelerates cell killing than that treated
with 2.5 ug/mL of free IR-780 iodide and NIR irradiation
(excess 0.3 and 26.8% of cells killed for 10 and 20 min of
irradiation, respectively). The observation may be due
to the aggregation of lipophilic IR-780 iodide in the
aqueous medium, which reduces their photocytotoxi-
city and cellular uptake.** The aggregation of lipophilic
IR-780 iodide shows a broad and blue-shifted absor-
bance spectrum with a peak at A.c = 775 nm (as
showm in Figure 2C), which decreased the absorbance
for laser diode with a wavelength of 808 nm, resulting
in reduced efficiency of PTT. When HCT-116 cells were
treated with high concentrations and NIR irradiation, it
showed significant phototoxicity by IR-780 micelles
(85% of cells killed after 20 min of irradiation) com-
pared with that by free IR-780 iodide. These results
indicate that IR-780 micelles can be activated by 808 nm
laser diode and act as a potential formulation for PTT.

The biodistribution of '®Re-labeled IR-780 micelles
was evaluated in tumor and normal tissues of mice
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Figure 4. MicroSPECT/CT images and biodistribution of
185Re-labeled IR-780 micelles in tumor mice bearing HCT-
116 are illustrated. (A) "®8Re-labeled IR-780 micelles were
injected, and then microSPECT/CT images were acquired 1,
4, and 24 h later. (B) '8Re-labeled IR-780 micelles were
intravenously injected into mice bearing HCT-116 tumors,
and their biodistribution was determined 1, 4, 24,48, and 72
h later. Each column represents the mean + SD.

bearing HCT-116 human colon cancer xenografts.
Images obtained by microSPECT/CT revealed that
radioactivity accumulated in the spleen, liver, and
tumor at 24 h after the injection of '®®Re-labeled IR-780
micelles, and that the tumors were targeted by the
radioactivity (Figure 4A). Biodistribution of '®*Re-la-
beled IR-780 micelles was also performed by y-count-
ing. The results indicated that the '®%Re-labeled
micelles were widely and rapidly distributed into most
tissues and the tumors, with the highest accumulations
occurring in the spleen, followed by liver, kidney, lung,
and tumor at 24 h after injecting micelles (Figure 4B).
After 96 h, the accumulation of radioactivity in all
tissues and in the tumor decreased, with the spleen
still having the highest radioactivity. This high radio-
activity may be due to filtering by the splenic capillary
bed that removed some large particles or their
aggregates.’’ The percentage ID per gram of '®®Re-
labeled micelles decreased slowly at the tumor site
from 1.93 £ 0.30% ID/g at 24 h after the injection to
1.23 £ 0.31% ID/g at 96 h, and it decreased quickly in
the blood and most tissues. The tumor to muscle ratio
of "®Re-labeled micelles increased from 1.91 4 1.71 at
24 h after the injection to 4.27 4+ 1.48 at 96 h, which
corresponds well to the EPR effects of the nano-
particles. Thus, amphiphilic-block-copolymer-based
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micelles appear to be an ideal candidate carrier that
can “passively” target tumors, which is an ability that
may improve antitumor efficacy and reduce the toxi-
city to and nonspecific targeting of normal cells that
accompanies most chemotherapy or PTT.2%*

We characterized the in vivo real-time biodistribu-
tion of IR-780 iodide in HCT-116 tumor-bearing mice
that were injected intravenously with '®Re-labeled IR-
780 micelles through NIR fluorescence imaging with an
IVIS imaging system. The IR-780 iodide had a time-
dependent biodistribution and tumor accumulation in
mice bearing HCT-116 tumors (Figure 5A). The whole
bodies of the mice had clear NIRF signals during the
first 24 h that decreased as time passed. The NIRF
signals were visible in the tumor region for 96 h. We
quantified the intensity of the NIRF signals in the tumor
and normal chest regions and the contrast index (Cl)
values at various time points after the IR-780 micelles
were injected (Figure 5B). The NIRF signal intensities of
tumors gradually increased compared with the normal
region after injections. The maximal NIRF signals in the
nontumor regions of whole body were selected to
calculate the Cl. The Cl values increased from 1.01 to
1.95 over the time course of the IR-780 micelle injec-
tions (Figure 5B), and the maximum Cl values occurred
96 h after the injections, which is a result that favors
the reduced skin phototoxicity and enhanced anti-
tumor efficacy of cyanine-based PTT. The heart, liver,
spleen, lung, kidneys, and intestine were isolated to
evaluate the tissue distribution of IR-780 micelles by
NIRF imaging 24 h after the IR-780 micelles were
injected (Figure 5C), and their signals were quantified
(Figure 5D). Because the lungs had higher concentra-
tions of IR-780 iodide, the NIRF signals from the chest of
mice were clearly visualized by whole body imaging
during the experiment period (Figure 5A), which has
also been found using gold nanorod—photosensitizer
complexes for NIRF imaging.*> Comparing the biodis-
tribution of radioactivity from the '®®Re-labeled IR-780
micelles, which represent the biodistribution of the
nanocarrier, the highest concentration of IR-780 iodide
was detected in the lungs. This may result from filtering
by the tissue capillary bed that ruptured the structure
of the micelle and caused the drug to be released and
redistributed to other organs.

We measured the intratumoral temperature profiles
during PTT mediated by IR-780 micelles (Figure 6).
Thermocouple needles were inserted in the center of
tumor as a function of time, while the tumor region was
irradiated by a 1.8 W/cm? NIR laser for 5 min. After the
5 min of NIR irradiation, the tumors treated with IR-780
micelles had a temperature increase of ~27 °C, which
exceeds the damage threshold needed to induce
irreversible tissue damage.' In contrast, the PBS-trea-
ted tumor for the same NIR irradiation resulted in a
temperature increase of ~10 °C (Figure 6B), which is
insufficient to irreversibly damage tissue.’
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Figure 5. (A) Time-lapse near-IR fluorescence (NIRF) imaged mice bearing HCT-116 tumors after intravenous injections of IR-
780 micelles. (B) NIR fluorescence intensities and contrast index (Cl) values were quantified at the indicated time points in the
tumor and normal regions, using the maximal NIRF signals in the nontumor regions. (C) Near-IR fluorescence (NIRF) images
and (D) quantification of various organs at 24 h after intravenous injection of IR-780 micelles. Each column represents the
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The spatial distribution of temperatures in the tu-
mors of mice treated with PTT mediated by IR-780
micelles was observed with a thermal imaging camera
(Thermo Shot F30, NEC Avio Infrared Technologies Co.,
Ltd.) (Figure 6C). Excluding the region exposed to NIR
irradiation, the maximum body temperature was about
36 °C, corresponding to the normal body temperature
of mice. For tumor regions treated with IR-780 micelles
and exposed to NIR irradiation, the temperature along
the scan line was quantitated, and the maximum
tumor temperature increased to 56.6 °C (Figure 6D),
which was similar to the temperature measured by the
thermocouple needle.

We investigated how effectively PTT using IR-780
micelles on HCT-116 tumors in nude mice reduced
tumor growth in vivo (Figure 7). Control tumors treated
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with PBS, only the NIR irradiation, or only IR-780
micelles grew rapidly and uniformly, with no statisti-
cally significant differences in final tumor sizes (P =
0.24). This indicated that tumor growth was not af-
fected by either IR-780 micelles or NIR irradiation alone.
In contrast, when the tumor volume was measured
27 days after PTT mediated by IR-780 micelles, it was
reduced (mean tumor volume 271 + 168 mm?®) com-
pared with control tumors (1556 + 216 mm?®) and TGI
was 82.6% (P < 0.01).

Body weight loss was used as a measure of treat-
ments-induced toxicity (Figure 7B). The body weights
of both control and treatment groups were monitored
throughout the experimental period, and mice that
lost over 20% of their original body weight were
sacrificed. By day 27, the control groups treated with
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Figure 6. (A) Schematic diagram illustrating the photothermal therapy of IR-780 micelles following NIR light irradiation. (B)
Intratumoral temperature profile during IR-780 micelle-mediated photothermal therapy was measured as a function of time
with thermocouple needles inserted in the center of tumor while the tumor region was irradiated by the 1.8W/cm? NIR laser
for 5 min. (C) Infrared thermographic map of the HCT-116 tumor treated with IR-780 micelles was measured with a thermal
camera after NIR irradiation. (D) Temperature along the scan line in the corresponding thermal images in panel C was
quantified, with the shaded region corresponding to the tumor region exposed to NIR light.

PBS or only the NIR irradiation gradually had in-
creased their body weights by 6—11%, and those
treated with the IR-780 micelles increased by 7%.
These values were not significantly different be-
tween the control groups, which suggested that
the dye dose was reasonably well-tolerated. It has
been reported that heptamethine indocyanine dyes,
such as IR-780 iodide and IR-783, had no syste-
mic toxicity in normal C-57BL/6 mice and did not
affect body weights of the mice as described pre-
viously.?"*® No abnormal histopathology was seen in
vital organs harvested from mice at the time of
sacrifice. Intravenous injection with 100 nmol of IR-
780 iodide, which was ~2.7 times higher than the
dose we used in our in vivo studies, did not cause
systemic toxicity.*® Mice treated with IR-780 micelles
plus NIR irradiation lost 4% of their weight at day 27.
This weight loss was not significantly different from
the control groups, indicating that photothermal
therapy mediated by IR-780 micelles did not result
in unacceptable toxicity.

To further determine the effect of IR-780 micelle-
mediated photothermal therapy in vivo, subcuta-
neously, tumors underwent immunohistochemical
analysis (Figure 8). Tumor tissues stained with hema-
toxylin and eosin had different tissue morphologies
between treatment groups. As shown in Figure 8A,
common markers of thermal damage in tumors treated
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with PTT mediated by IR-780 micelles plus NIR irradia-
tion, such as coagulation, vacuolation, and loss of nuc-
lear staining as described previously, were identified.'
The sections were stained with nicotinamide adenine
dinucleotide phosphate (NADPH)-diaphorase staining
for the assessment of tissue viability. Necrotic tissue
shows loss of NADPH-diaphorase activity.*” The im-
munohistochemical analysis revealed that tumors trea-
ted with NIR irradiation alone had limited loss of
NADPH-diaphorase activity at the surface of tumor,
which was proximal to the incident laser (as shown in
Figure 8A and Supporting Information Figure SI-6B). It
is in good agreement with theoretical and experimen-
tal data published elsewhere." Maximal temperature
changes were found to occur ~1 mm beneath the
apical surface. This behavior may be the product of
higher photon densities in this region, which is a
phenomenon often seen in highly scattering mediums
like tissue. In contrast, tumors treated with IR-780
micelle-mediated PTT had prominent necrosis and
vacuolation. Necrotic features caused by the loss of
NADPH-diaphorase activity were observed at the inter-
ior of the tumors. The maximum treatable depths
of IR-780 micelle-mediated PTT appeared to be
~5—6 mm in this study (as shown in Supporting
Information Figure SI-6C), which was in agreement
with experimental data published elsewhere." These
results indicate that NIR irradiation induced irreversible
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Figure 7. Effects of PTT mediated by IR-780 micelles in mice bearing HCT-116 tumor were measured. (A) Tumor volumes and
(B) body weights were measured during the 27 day evaluation period in mice treated with PBS (control), NIR irradiation alone,
IR-780 micelles alone, or IR-780 micelles plus NIR irradiation. Data indicate means and standard errors. (C) Representative

mice treated with NIR irradiation alone or with IR-780 micelles equivalent to 1.25 mg/kg and 1.8 w/cm? NIR irradiation for 5
min were photographed over days 2—24. The red and black arrows indicate the NIR irradiation site and no NIR irradiation,

respectively.

tissue damage mainly in the IR-780 micelle-treated
tumor tissue.

Proliferating cell nuclear antigen (PCNA) immunolo-
calization can be used as an index of cell proliferation
and may define the extent of departure from normal
growth control.*® The PBS control tumors had a mean
of 151.5 £+ 11.3 PCNA positive cells, and the tumors
treated only with the NIR irradiation had a mean of
135.7 + 5.8 (Figure 8B), which were not significantly
between these two groups. The tumors treated with
PTT mediated by IR-780 micelles plus NIR irradiation
had decreased cell proliferation as detected by PCNA
expression (mean 4 SD =48.4 4+ 4.5) in the viable, non-
necrotic regions (Figure 8B). Their cell proliferation was
significantly lower than those treated with only NIR
irradiation or with PBS (both P < 0.01), so combining
NIR irradiation with IR-780 micelles reduced the number
of proliferating cells within the subcutaneous tumors
(Figure 8A,B).

Apoptotic cells in each treatment were identified by
the terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) method. TUNEL is a method
for detecting DNA fragmentation, which results from
apoptotic signaling cascades, by labeling the terminal
end of nucleic acids.*® The PBS control group tumors
had a mean of 9.3 £+ 2.6 apoptotic cells, and those
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tumors treated only with NIR irradiation had a mean of
14.6 £ 3.2. The viable, non-necrotic regions in tumors
treated with PTT mediated by IR-780 micelles plus NIR
irradiation had more apoptotic tumor cells (mean +
SD =98.2 £+ 10.8) than either control group (for both,
P < 0.01).

Since HSPs are induced by temperatures above
43 °C, they serve as endogenous markers of thermal
stress.>® Tumors treated only with PBS had minimal
expression of HSPs, while those treated with only NIR
irradiation had more HSP90 expression induced in
the viable, non-necrotic regions of tumors, which
were close to the incident laser (Figure 8). Tumors
treated with PTT mediated by IR-780 micelles plus
NIR irradiation had enough temperature elevation
to induce necrosis at the inner of tumor, which pre-
vented the induction of HSPs, though the viable
tumor surrounding the necrotic region did have in-
duced HSPs. These results suggest that PTT media-
ted by IR-780 micelles plus NIR irradiation can extend
the depth of thermal therapy of tumors, resulting in
inner necrosis and peripheral expression of HSPs.
Measuring HSPs can also demarcate thermally trea-
ted regions®® since HSPs allow cells to adapt to
gradual changes in their environment and to survive
conditions that would otherwise be lethal through
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Figure 8. Histological and immunohistochemical analysis in HCT-116 xenograft tumors treated with IR-780 micelle-mediated
photothermal therapy. (A) Tumor sections were analyzed by hematoxylin and eosin (H&E) staining, NADPH-diaphorase
staining (NADPH). More necrotic (N) tissue on the interior of the tumors was present when the tumors were treated with the
combination of IR-780 micelles and NIR irradiation, which indicates the loss of NADPH-diaphorase activity. (B) Immunohis-
tochemical staining of PCNA, TUNEL, HSP70, and HSP90 from the blue dotted squares in panel A. (C) Cellular proliferation was
quantified by assessing the number of PCNA-positive cells per field at 200 x magnification, and (D) apoptotic cells were
quantified by the TUNEL method at 200 x magnification. The results represent the mean =+ SD in 10 distinct regions from
examining three tumors per group. The double star (**) indicates P < 0.01.

suppressing apoptosis and enhancing resistance to searches for optimal conditions for PTT mediated by
therapies.’’ Thus, measuring HSPs may aid in future IR-780 micelles.
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CONCLUSIONS

We have prepared and characterized IR-780 iodide-
loaded micelles, which both acted as NIR contrast
agents for optical imaging and were labeled with the
radionuclide rhenium-188 (*®8Re) for nuclear imaging.
We demonstrated that the NIR dye, IR-780 iodide,
could serve as a photosensitizing agent for photother-
mal therapy of cancer since using IR-780 micelles to
generate heat upon NIR irradiation resulted in thermal
destruction of colon cancer both in vitro and in vivo.
Measurements of the viable regions around necrotic
regions of tumors found that these treatments de-
creased the cell proliferation as measured by PCNA

MATERIALS AND METHODS

Synthesis of mPEG-b-PCL and DTPA-PEG-b-PCL. Methoxy poly-
(ethylene glycol)-block-poly(e-caprolactone) (mPEG-b-PCL) and
fluorenylmethyloxycarbonyl-amino-poly(ethylene glycol)-block-
poly(e-caprolactone) (Fmoc-NH-PEG-b-PCL) amphiphilic block
copolymers were synthesized by ring-opening polymerization
of e-caprolactone at 140 °C overnight in the presence of mPEG-
OH (MW = 5000) and Fmoc-NH-PEG-OH (MW = 5000) as a
macroinitiator under stannous octoate (SnOct) catalysis”'28
(Figure 1). The Fmoc-NH-PEG-b-PCL was deprotected by stirring
Fmoc-NH-PEG-b-PCL in 2 mL of 20% piperidine in DMF for 2 h at
room temperature.3® Then, the NH,-PEG-b-PCL was purified by
dialysis against water for 7 days, with the deionized water being
changed twice per day. The DTPA-PEG-b-PCL was prepared by
conjugating DTPA dianhydride with the amino group of NyH-
PEG-b-PCL as described previously.” The details of experimental
section are presented in the Supporting Information. The molec-
ular weights of the synthesized polymers were characterized by
'H NMR (Bruker Avance 500 MHz FT-NMR) using deuterated
chloroform (CDCls) as the solvent and gel permeation chroma-
tography (GPC) using Waters 510 pump equipped with a Waters
410 differential refractometer. Tetrahydrofuran (THF) was used as
the eluent at a flow rate of 1.0 mL/min. Calibration used mono-
dispersed polystyrene standards. The DTPA conjugation effi-
ciency was evaluated by the radiolabeling yields of '®*Re-DTPA-
PEG-b-PCL, as analyzed by instant thin layer chromatography
(ITLQ), and by calculating the relative amounts of '®®Re-DTPA-
PEG-b-PCL and free '®Re-DTPA (R; '®*Re-DTPA-PEG-b-PCL= 0;
R¢ '%®Re-DTPA= 1).

Preparing IR-780 Micelles and IR-780/DTPA Micelles. We prepared
IR-780 micelles and IR-780-loaded/DTPA micelles (IR-780/DTPA
micelles) by the cosolvent evaporation method.?’ Briefly, a
mixture of 10—40 mg of mPEG-b-PCL was dissolved in acetone
with 2 mg of IR-780 iodide dye (D/P = 1/5—1/20), or 36 mg of
mMPEG-b-PCL and 4 mg of DTPA-PEG-b-PCL in a ratio of 9:1 were
dissolved in acetone with 2 mg of IR-780 dye (D/P was 1:20).
These mixtures were added to saline while stirring at a speed of
550 rpm. The organic solvent was evaporated, while the solu-
tion was stirred overnight. Then, the solution was filtered
through a 0.45 um sterile filter (Millex GS, Millipore, Bedford,
MA, USA) to remove non-incorporated drug crystals and co-
polymer aggregates. The concentration of IR-780 iodide was
determined with a spectrophotometer using a quartz cell with a
1 cm path length at 786 nm. The drug encapsulation efficiency is
the amount of drug encapsulated divided by the amount of
drug added multiplied by 100%.

Preparing '**Re-Labeled IR-780 Micelles. The '®*Re with DTPA
micelles were labeled by reacting a mixture of 1 mL of DTPA
micelles, 100 uL of '®8Re-perrhenate ('#Re0,, ~37 MBq), and
5 mg of stannous chloride for 2 h at 37 °C.>>*3 The radiolabeling
yields of '®Re-DTPA micelles were determined by ITLC using
silica gel as the stationary phase and normal saline as the mobile
phase. The chromatograms were analyzed by a radio thin layer
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expression, increased apoptotic cells as measured by
TUNEL, and increased the expression of HSPs. These
results indicate that irreversible tissue damage was
induced by PTT mediated by the IR-780 micelles plus
NIR irradiation in treated tumors. This platform permits
image-guided drug delivery. The tumor accumulation,
intratumoral distribution, and kinetics of the drug can
be monitored in real-time. This platform allows diag-
nosis and therapeutics to be combined in optical/
nuclear imaging and PTT. The '®Re-labeled IR-780
micelles potentially offer multifunctional modalities
for the near-infrared (NIR) fluorescence and nuclear
imaging and for photothermal therapy of cancer.

chromatography imaging scanner (AR2000, Bioscan, Washing-
ton, DC, USA).

Characterizing IR-780 Micelles. The mean diameter and poly-
dispersity index (PDI) of the micelles were characterized with a
Delsa Nano Particle Analyzer (Beckman Coulter, Fullerton, CA).
The morphology of the micelles was observed by H-7650
transmission electron microscopy (TEM, Hitachi Ltd. Tokyo,
Japan). The absorptions of the IR-780 iodide dissolved in 0.15 M
NaCl buffer and of IR-780 micelles dispersed in phosphate
buffer saline (PBS) were measured on a UV—vis spectrophot-
ometer (BioMate 3S, Thermo Electron Corporation, Hudson, NH,
USA) with a quartz thermostatted cell with a 1 cm path length.
The temperature profile of the IR-780 micelles during NIR
irradiation was analyzed in a 24-well plate with a thermocouple
needle. A total of T mL of ~100 xg/mL IR-780 micelles was
added to one of the wells, the well was irradiated by the NIR
laser at 1.8 W/cm?, and the temperature of the well was
measured continuously over 5 min.

In Vitro Cytotoxicity. The HCT-116 cells were incubated in
media containing different concentrations of IR-780 micelles
for 3 h and washed with PBS. Next, the cells were treated for 10
min with a laser diode with a wavelength of 808 nm at a power
density of 0.6 W/cm?. After the irradiation, the cells were stained
for 30 min with 2 uM calcein-AM and 2 uM propidium idodide
(P1) prior to imaging. Cell viability was visually determined with
an X51 Olympus fluorescence microscope (Olympus Optical Co.,
Tokyo, Japan).

The cytotoxicity of treating HCT-116 cells with IR-780 mi-
celles and NIR irradiation was additionally determined. The HCT-
116 cells were first seeded onto 96-well plates at a density of
10000 cells per well and cultured. After 24 h, the cells were
incubated in media with different concentrations of IR-780
micelles for 3 h and then washed with PBS. Next, the cells were
treated with a laser diode with a wavelength of 808 nm at a
power density of 0.6 W/cm? for 10 or 20 min. Cell viability was
determined with the MTT assay and a scanning multiwell ELISA
reader (Microplate Autoreader EL311, Bio-Tek Instruments Inc.,
Winooski, VT, USA). The fraction of live cells was calculated by
dividing the mean optical density obtained from treated cells by
the mean optical density from untreated control cells.

Biodistribution of "®®Re-Labeled IR-780 Micelles and IR-780 lodide by
Micelle Formulas. Female BALB/c athymic (nut/nut) mice that
were 5—6 weeks old were purchased from the National Labora-
tory Animal Center (Taipei, Taiwan). Tumors were initially esta-
blished by subcutaneously injecting a mixture of 1 x 10 HCT-
116 cells, matrigel, and DMEM. Tumor sizes and body weights
were measured every 3 days for the duration of the experiment.
Tumor volume was calculated as 77/6ab? where a is the length
and b is the width of the tumor.

Mice received an intravenous injection of '®*Re-labeled IR-
780 micelles, equivalent to 22 MBq of '®8Re, when the tumors
reached a volume of 150 to 200 mm?>. The distribution of '®®Re-
labeled IR-780 micelles in the mice bearing HCT-116 tumors was
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evaluated by microSPECT/CT images at 1, 4, and 24 h after the
micelles were intravenously injected.

The mice were sacrificed by cervical vertebra dislocation at
24 and 96 h after the intravenous administration of '®®Re-
labeled IR-780 micelles. The plasma, tumor, and normal tissue
were collected, and the uptake of radioactivity was measured by
a y counter. The distribution data were expressed as the
percentage of injected dose (ID).

The biodistribution of IR-780 iodide was studied by injecting
1.25 mg/kg IR-780 micelles intravenously through a tail vein of
mice bearing HCT-116 tumors and was imaged 1, 4, 24, 48, and
96 h after the injection with an IVIS imaging system (Xenogen,
Alameda, CA, USA). The details of experiment are presented in
the Supporting Information. Dye accumulation and retention in
tumors was evaluated by calculating the contrast index (Cl)
values.”* The tumor-bearing mice were sacrificed 48 h after the
IR-780 micelles were injected, and then the tumor, heart, liver,
spleen, lung, kidneys, and intestine were harvested for isolated
organ imaging to estimate the tissue distribution of IR-780
micelles.

Temperature Measurements. The intratumoral temperature in-
creases upon NIR irradiation were determined by injecting
1.25 mg/kg IR-780 micelles through a tail vein into mice bearing
HCT-116 tumors. Control mice were injected with 100 uL of
empty micelles (equivalent to 25 mg/kg). The temperatures of
the tumor tissues during NIR irradiation were measured 96 h
after the injections with thermocouple needles (127 um diam-
eter, T-type, copper—constantan thermocouple, Omega
Engineering, Stamford, CT) connected to a data acquisition
system (TC-2190, National Instruments, Austin, TX). First, the
23 gauge needles intratumorally injected into the center of
tumor about 3—4 mm in depth. Next, the thermocouples were
inserted into the tumor through the 23 gauge needles, while the
tumor region was exposed to 1.8 W/cm? NIR light for 5 min with
a laser diode (1 = 808 nm). All data were analyzed with Matlab
(Mathworks, Natick, MA, USA). The distribution of tumoral
temperature after NIR irradiation was examined with an IR
thermographic camera (F30s, NEC Avio Infrared Technologies
Co., Ltd., Tokyo, Japan) in the mice treated with the IR-780
micelles.

Antitumor Efficacy of the IR-780 Micelles upon NIR Irradiation. Treat-
ments were started when the tumors reached a volume of
100 to 150 mm?>. The mice were divided into groups of five mice
each that were treated with the PBS control, the NIR irradiation
alone, the IR-780 micelles, or the combination of IR-780 micelles
and NIR irradiation. The IR-780 micelles were administered via
tail vein injections at doses equivalent to 1.25 mg/kg of IR-780
iodide, and 96 h after the micelles were administered was
designated as day 0. On day 0, the tumors were exposed to
the NIR laser with a spot size of 5 mm at 1.8 W/cm? for 5 min. The
tumor size and change in body weight of each mouse were
recorded. The percentage of tumor growth inhibition (TGI) was
calculated from the relative tumor volume on day 27 and is
presented as percent reduction in the mean tumor volume in
experimental groups compared with saline-treated control
groups.

Necropsy and Immunohistochemical Analysis. After the mice were
sacrificed, the tumors were excised and fixed in formalin and
embedded in paraffin for immunohistochemical staining and
for hematoxylin and eosin staining. The tumor sections, which
were paraffin-embedded and 5 mm thick, were analyzed by
immunohistochemical staining for proliferating cell nuclear
antigen (PCNA), heat shock protein 70 (HSP70), and heat shock
protein 90 (HSP90). Consecutive sections were incubated over-
night at 4 °C with antibodies specific for HSP70 (rabbit antihu-
man, diluted 1:50, Cell Signaling Technology Inc., Danvers, MA,
USA), HSP90 (rabbit antihuman, diluted 1:50, Cell Signaling), and
PCNA (mouse anti-PCNA, clone PC 10, Sigma). The immuno-
staining was applied and visualized by useing Histostain-Plus kits
(Zymed Laboratories, Inc., San Francisco, CA, USA). The terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay was carried out with the DeadEnd Colorimetric TUNEL
System (Promega, Fitchburg, WI, USA). The NADPH-diaphorase
staining was carried out to demonstrate the necrosis as de-
scribed previously with minor modifications.*’” Tissue viability
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was analyzed by reacting the samples for 20 min at room
temperature with NADPH-diaphorase reaction solution. The
details of the experiment are presented in the Supporting
Information.

Statistical Analysis. All data are expressed as mean =+ standard
deviation. The significance of difference in this study between
groups was analyzed by the t-test. A value of P < 0.05 was
considered statistically significant.
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