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Abstract

Near-infrared (NIR) fluorescence cancer imaging with aimed NIR
fluorophores can potentially be used to detect and diagnose cancer.
[R783, as a singular molecule, has been extensively utilized for tumor
imaging without the addition of moieties. Therefore, this approach is
efficient in combination with various carbocyanine dyes to enhance tumor
imaging. A biocompatible supramolecular complex self-built from methyl-
B-cyclodextrin (MB-CD) and indocyanine green (ICG) was generated to
address cancer 1imaging, and further upgrade fluorescence-guided
photothermal cancer therapy. This study approved that the development
of a composition of complex compounds MB-CD and ICG inner cavity
could lead to an enhanced tumor imaging in contrast to free ICG. The
complex compound ICG-CD could be utilized as a bifunctional
phototherapeutic agent to address cancer phototherapy as a result of the

high tumor focus MB-CD moiety and the efficacious performance of the



NIR ICG moiety. The photothermal outcome exerted by the heterocyclic
complex ICG-CD wupon NIR laser irradiation remarkably boosted the
temperature at the site of the tumor by 56.2C within 5 minutes. Using
the ICG-CD complex in targeting HT-29 tumors in 9-days photothermal
treatment resulted in a clear reduction in tumor volumes.

Additionally, no body weight loss or tumor recurrence was observed
after administering the ICG-CD complex alongside NIR laser irradiation.

Therefore, the biocompatible complex, ICG-CD, and NIR laser treatment
can be used in the future for clinical purposes as a potential strategy for

tumor targeting.



1. Introduction

Cancer phototherapy in combination with a phototheranostic drug has
piqued the interest of researchers around the globe, owing to the
possibility of increasing therapeutic outcomes through the use of this
technique [1-3]. Biocompatibility, tumor specificity, imaging ability, along
with phototherapeutic ability are among the most significant properties of
an excellent phototheranostic drug [4-8]. Indocyanine green (ICG) is a
therapeutically accessible near-infrared (NIR) fluorophore that performs
various functions such as a photosensitizer, photothermal agent, as well
as a fluorescence imaging probe [9-11]. It is one of numerous
phototherapeutic agents currently on the market. ICG alone cannot be
used for successful NIR image-guided photothermal treatment since it is
volatile in aqueous solutions and therefore fails to accumulate significantly
at the cancer [12,13]. The inclusion of ICG into different nanomaterials is
a common strategy for improving the accumulation of ICG at the target
tissue for specific tumor phototherapy, however the usage of
nanomaterials coupled with the ICG are still hampered by numerous
obstacles, like complex synthetic methods as well as unsolved biosafety
problems [14-18]. As a result, enhancing ICG's use in photothermal
cancer treatment will necessitate a new technique for improving tumor
targetability.

Near-infrared fluorescence imaging together with tailored NIR
fluorophores is a potential method for in vivo cancer imaging since it
reduces  tissue  autofluorescence as well as increases the
tumor—-to—background ratio (TBR) [19-21]. The development of
tumor—targeted NIR imaging agents is critical since the efficacy of tumor

imaging relies heavily on the ability to target of NIR fluorophores with



high TBR values [22-27]. Traditional methods involve further conjugation
of NIR fluorophores with tumor—targeting ligands, although chemical
conjugation may affect the targetability of tumor—targeting ligands
[28-30]. In order to circumvent this constraint, a novel strategy utilizing
a sole NIR heptamethine cyanine dye like IR783, MHI148 (also known as
IR808), or CA800S0O3 has been repeatedly mentioned for
structure—intrinsic tumor targeting without any need for further
polymerization of tumor-—targeting ligands has been developed and shown
[31-33]. Because of its excellent water solubility, minimal cytotoxicity,
as well as tumor-targeting specificity, IR783 1is one of the most
commonly utilized tumor-targeted NIR fluorophores [34-37]. There have
been reports of indiscriminate absorption in healthy tissue/organs and
sluggish detachment from the body up to 80 hours after injection, which
pose serious obstacles to achieving adequate TBR for effective tumor
imaging with the IR783 [32,33]. However, the molecular engineering for
enhanced biodistribution as well as clearance that maintains tumor
targetability while simultaneously enhancing TBR through quick clearance
in the vivo is still critical.

An alternate strategy is by shielding ICG from its aqueous system by
inclusion complexation using non-toxic cyclodextrin (CD) molecules, as
biocompatibility is a crucial concern for its prospective clinical
application. To increase the water stability, solubility, as well as
bioavailability of hydrophobic compounds, CDs are commonly employed in
pharmaceutics [38,39]. CDs are cyclic oligosaccharides that possess a
hydrophobic inside and hydrophilic outside. The agglomeration as well as
complexation equilibria of the connection between ICG along with
methyl-cyclodextrin (MB-CD) in aqueous solution were discovered [40].
Many studies have employed the CD derivative MPB-CD to eliminate

cholesterol from plasma membranes because it's much more



water—soluble than MB-CD and has a better affinity for cholesterol
removal [41,42]. MB-CD has also been shown to be effective in
xenograft models of human cancer, according to Grosse et al [43]. A
single laser irradiation with MB-CD and ICG combining to generate an
inclusion complexation for NIR fluorescence—guided PTT has yet to be
described. In order to improve the accuracy of tumor identification along
with image—-guided PTT, a reasonable technique to combine ICG and Mp
-CD is essential in designing a targeted phototherapeutic agent.

Although prior exertions to increase the TBR by background decrease
concentrated mostly on the regulation of on/off switchable fluorescent
probes through malignant environment settings, such techniques are not
believed to address the underlying constraint of fluorophores, notably,
their inappropriate uptake, binding, as well as retention in the tumor
microenvironment [21,44-46]. According to recent findings, it is only
after the development of an inclusion complex with MB-CD that an ICG
dye may be aggressively adjusted to increase its cancer targetability
along with lower its hepatic absorption [47]. The supramolecular method
displayed superior in vivo performance in cancer—targeted imaging,

according to preliminary research findings.



2. Materials and Methods

2. Materials and Methods

2.1. Preparation of IR783-CD Complex

All chemicals and solvents were of American Chemical Society grade or
high-performance liquid chromatography (HPLC) purity. IR783 and MB-CD
were purchased from Sigma-Aldrich (St. Louis, MO) and used as received
without further purification. The IR783-CD complex was prepared using a
host—guest self-assembly process. Briefly, 1 mg (1.3 pmol) of IR783 and
5 mg (3.9 umol) of MB-CD were completely dissolved in 0.5 mL methanol
and 1.5 mL deionized (DI) water, respectively. Next, the IR783 solution
was added into the MPB-CD aqueous solution in a dropwise manner to
obtain the IR783-CD complex, followed by stirring for 6 h. The mixture
was further dialyzed against DI water using a 2-kDa molecular weight
cut—-off membrane for 3 d to remove free IR783, MB-CD monomers, and
residual methanol. Subsequently, the dialyzed solution was lyophilized and
dispersed in phosphate-buffered saline (PBS, pH 7.4), especially for

performing in vivo experiments.

2.2. Preparation of ICG-CD Complex

ICG and MB-CD were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used as received without further purification. The ICG-CD
complex was prepared using a host-guest self-assembly process. Briefly,
1 mg (1.3 pmol) of ICG and 5 mg (3.8 umol) of MB-CD were completely
dissolved in 0.5 mL methanol and 1.5 mL deionized (DI) water,

respectively. Next, the ICG solution was added into the M@-CD aqueous



solution dropwise to obtain the ICG-CD complex, followed by over 6 h of
stirring. The mixture was further dialyzed against DI water using a 2 kDa
molecular weight cut—-off membrane for 3 days to remove free ICG, Mf
-CD monomers, and residual methanol. Subsequently, the dialyzed solution
was lyophilized and dispersed in phosphate-buffered saline (PBS, pH 7.4),

especially important when performing in vivo experiments.

2.3. Analysis of Optical Properties

All optical measurements were performed at 37°C in PBS at pH 7.4.
Absorbance and fluorescence emission spectra of free IR783 and the
IR783-CD complex were measured using a fiber optic FLAME absorbance
and fluorescence (200-1025 nm) spectrometer (Ocean Optics, Dunedin,
FL). The fluorescence emission spectra of free ICG and the ICG-CD
complex were analyzed using a SPARK® 10M microplate reader (Tecan,
Mannedorf, Switzerland) at an excitation wavelength of 730 nm and
emission wavelengths ranging from 780 to 900 nm. Molar extinction
coefficient was calculated by wusing the Beer-Lambert equation. To
determine the fluorescence quantum yield, ICG dissolved in DMSO
(quantum yield = 13%) was used as the calibration standard under the
conditions of matched absorbance at 770 nm. The NIR excitation light
source was provided by 5 mW of 655 nm red laser pointer (Opcom Inc.,
Xiamen, China) coupled with a 400 pm core diameter, NA 0.22 fiber

(Ocean Optics).

2.4. In Vitro Cancer Cell Binding and NIR Fluorescence Microscopy

The human large—cell lung carcinoma cell line NCI-H460 was obtained
from the American Type Culture Collection (ATCC HTB-177, Manassas,

VA). The cancer cells were maintained in Roswell Park Memorial Institute



(RPMI) 1640 medium (Gibco BRL, Paisley, UK) supplemented with 10%
fetal bovine serum (FBS; Gibco BRL) and an antibiotic-antimycotic
solution (100 units mL ™! penicillin, 100 pg mL ™! streptomycin, and 0.25
pg mL™' amphotericin B; Welgene, Daegu, South Korea) in a humidified
5% COy atmosphere at 37°C. When the cells reached =50-60%
confluence, they were then rinsed twice with PBS, the IR783-CD complex
was added to each well at a concentration of 2 X 107 m, and cells were
incubated for 24 h at 37°C. They were then gently washed with PBS. NIR
fluorescence imaging was performed using a four—filter set on a Nikon
Eclipse Ti—-U inverted microscope system. The microscope was equipped
with a 100 W halogen lamp, NIR-compatible optics, and an
NIR-compatible 10X Plan Fluor objective lens (Nikon, Seoul, South
Korea). Image acquisition and analysis were performed using NISElements
Basic Research software (Nikon). NIR filter sets containing 750 * 25 nm
excitation filters, 785 nm dichroic mirrors, and 810 * 20 nm emission
filters were used to detect NIR fluorescence signals in cancer cells. All
NIR fluorescence images were acquired at identical exposure times and

normalized.

2.5. Cell Viability Assay

The cell toxicity and proliferation were evaluated by alamarBlue
(Thermo Scientific, Waltham, MA) assay. The NCI-H460 cells were
seeded onto 96-well plates (1 X 104 cells per well). To test cytotoxicity
depending on the concentration, cancer cells were treated with the
[R783-CD complex (2, 10, 25, and 50 X 107® m) for 1 h and cultured at
24 h post—treatment. At each assay time point, the incubation cell media
was replaced with 100 pL of fresh media. 10 pL of alamarBlue solution

was directly added to 100 pL each well and incubated for 4 h at 37°C in



a humidified 5% CO: incubator. Finally, the 96-well plates were placed
into a microplate reader (SPARK 10M, Tecan, Switzerland) for measuring
the absorption intensity at 570 nm and fluorescence intensity at 590 nm.
The cell viability was calculated using the following formula (A is the
average absorbance): cell viability (%) = (Asample — Ablank)/ (Acontrol —
Ablank) < 100.

2.6. HT-29 Xenograft Mouse Model

Animal care, experiments, and euthanasia were performed in accordance
with protocols approved by the Chonnam National University Animal
Research Committee (CNU TACUC-H-2017-64). Adult (6-week-old) male
NCRNU nude mice weighing approximately 25 g (N = 3 independent
experiments) were purchased from Orient Bio Inc. (Seongnam, South
Korea). HT-29 human colorectal adenocarcinoma cell line was obtained
from the American Type Culture Collection (ATCC® HTB-38™), Cancer
cells (1 X 107° cells per mouse) were harvested and suspended in 100
ul of PBS followed by subcutaneous injection into the right flank of each
mouse. When the tumor size reached ~1 cm in diameter, PBS, free
IR783, IR783-CD complex, free ICG, and the ICG-CD complex were
administered intravenously. Animals were sacrificed and imaged over a

certain period of time.

2.7. In Vivo Tumor Imaging

In vivo NIR fluorescence imaging was performed using a fluorescence
imaging system (FOBI, NeoScience, Suwon, South Korea). At 4 and 24 h
post—injection, the mice were sacrificed and their main organs (heart,
lungs, liver, pancreas, spleen, kidneys, duodenum, and intestine) were

collected and imaged to evaluate the time—dependent biodistribution of



free IR783 and the IR783-CD complex. Fluorescence intensities
accumulated in tumor and organs were analyzed using Imagel] version
1.45q (National Institutes of Health, Bethesda, MD). The TBR was
calculated as fluorescence/ background, where background was the signal
intensity of a region adjacent to the tumor over the imaging period. All
NIR fluorescence images were normalized identically for all conditions.

To confirm the in vivo antitumor effect, the macroscopic features of
each group were observed at fixed time intervals for a week. The tumor
volumes were calculated using the following formula: V = 0.5 X longest

diameter X (shortest diameter)?.

2.8. Assessment of In Vivo Photothermal Effect

HT-29 tumor—-bearing mice were intravenously administered with PBS,
free ICG, and the ICG-CD complex. At 4 h after injection, the mice were
anesthetized, and their tumor sites were laser—irradiated (1.1 W/cm? A =
808 nm) for 5 min. Temperature changes in the tumor sites were
monitored using a FLIR® thermal imager (FLIR Systems, Wilsonville, OR,
USA) and data were recorded from the beginning of the laser irradiation
at a step-size of 1 min during the entire laser irradiation period. At 24 h
post—irradiation, tumors were excised from the treated mice for
subsequent histological analysis using hematoxylin and eosin (H&E)

staining.

2.9. Statistical Analysis

Statistical analysis was carried out using a one-way ANOVA followed
by Tukey's multiple comparisons test. Differences were considered
statistically significant at a level of p < 0.05. Results are presented as

the mean = S.D. and curve fitting was performed using Prism version

_’IO_



4.0a software (GraphPad, San Diego, CA, USA).

2.10. Histological Analysis and NIR Fluorescence Microscopy

Resected tumors were preserved for performing hematoxylin and eosin
(H&E) staining and NIR fluorescence microscopic assessment. DBriefly,
samples were fixed in 2% paraformaldehyde (PFA) and flash frozen in
optimal cutting temperature (OCT) compound using liquid nitrogen. Frozen
samples were cryosectioned (at a thickness of 10 pm per slide), observed
by fluorescence microscopy, and then stained with H&E. NIR imaging was
performed using a four—filter set of the Nikon Eclipse Ti-U inverted
microscope system (Nikon). Image acquisition and analysis were
performed using the NIS-Elements Basic Research software (Nikon). All

NIR fluorescence images had identical exposure time and normalization.
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3. Results and Discussion

3.1. Preparation and Characterization of the IR783-CD Complex

Although IR783 by itself and IR783-drug conjugates have been widely
used for tumor-targeted imaging and therapy due to the
structure—inherent tumor targeting capability of IR783, the in vivo
performance was suboptimal due to their high non-specific background
uptake. Due to the presence of anionic sulfonyl side chains on the
indolenine nucleus, IR792 is a well-defined hydrophilic tricarbocyanine
dye. As such, it results in a relatively higher non-specific uptake in
normal tissues/organs and slower biodistribution and clearance. An
[R783-CD complex was designed to improve the in vivo performance of
IR783 for rapid biodistribution and clearance of IR783 against tumors.
This led to improved tumor-—targeted imaging with a high TBR. Figure la
describes the schematic preparation of the IR783-CD complex. As
previously demonstrated, the MB-CD has significant advantages after
forming inclusion complexes with the heptamethine cyanine dye such as
water stability and bioavailability. As such, we expected that the
IR783-CD complex would exhibit rapid biodistribution and clearance after
intravenous administration and as a result, would achieve a higher TBR
for improved tumor imaging. Figure 1b summarizes that the optical
properties of the IR783-CD complex measured in phosphate-buffered
saline (PBS, pH 7.4) were similar to those of free IR783 with the
exception of the higher quantum yield (® = 5.4%). The absorbance of the
IR783-CD complex at 700 nm (also known as dimer Amax) reduced
whereas the fluorescence intensity of the IR783-CD complex increased
than that of free IR783 under the same condition (Figure 2). This

suggests that the MPB-CD may assist in preventing dimeric aggregation of
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IR783 after forming inclusion complexes with free IR783. More
importantly, the rapid body clearance within twenty four hours
post—injection was apparently induced by the IR783-CD complex
compared to the 80 h of free IR783. The results show that under
aqueous conditions, the IR783-CD complex was successfully prepared by
a host—guest self-assembly process and that the MB-CD may be able to
improve the water stability and optical properties of IR783 as well as

total body clearance.

3.2 In Vitro Cellular Uptake and Cytotoxicity

NCI-H460 cancer cells were used for the in vitro study to assess the
cytocompatibility of the IR783-CD complex and the cellular uptake. To
evaluate cytotoxicity, alamarBlue assay was performed to determine the
relative viability of NCI-H460 cancer cells after incubation with the
[R783-CD complex at various concentrations (2, 10, 25, and 50 X 107°
m) for twenty four hours. Even with the high concentration of 50 X 107
m [R783-CD complex, no significant cytotoxicity was observed as seen in
Figure 3a. This shows that the IR783-CD complex does not induce
obvious toxicity. Furthermore, by measuring fluorescence signals in
NCI-H460 cells after incubation with the IR783-CD complex for twenty
four hours, intracellular distribution of the I[R783-CD complex was
confirmed (Figure 3b). At twenty four hours post-treatment, significant
NIR fluorescence was observed in the cancer cells which demonstrate the

intracellular localization of the IR783-CD complex.

3.3. Time-Dependent In Vivo Biodistribution and Clearance

Next, we investigated the time-dependent biodistribution and clearance

of free IR783 and the IR783-CD complex in mice. For ten minutes, the
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initial distribution was continuously monitored by the real-time NIR
fluorescence 1maging system i1mmediately after a single intravenous
injection of free IR783 or the IR783-CD complex (10 nmol, 0.3 mg kg!
calculated using the IR783 concentration). Overall, both injections resulted
in equal distribution in the blood, heart, lungs, liver, and other major
organs within one hour post—injection and then continued to accumulate
into the liver, followed by hepatobiliary and intestinal excretion. The NIR
fluorescence signals of the [R783-CD complex were primarily located in
the gastrointestinal tract at four hours post-injection (Figure 4a).
Surprisingly, the IR783-CD complex showed incredibly high fluorescence
in the intestines and feces due to rapid excretion through the biliary and
intestinal routes within four hours post—-injection. In contrast, at four hour
post—injection, free IR783 exhibited high non-specific uptake in almost
every tissue and organ in the body. These results indicate that the
IR783-CD complex could quickly excrete into the small intestine,
especially in the feces, within four hours post-injection and avoid
non-specific uptake by the reticuloendothelial system (RES). Even though
the reason for this observation is not fully understood, MB-CD moieties
of the ICG-CD complex most likely minimizes the interaction with plasma
proteins through molecular shielding unlike that observed with free IR783.
The IR783-CD complex appeared to be eliminated through the intestinal
routes with no appreciable non-specific background signal in any of the
tissues or organs with only a negligible signal remaining in the liver. Free
IR783 on the other hand, remained throughout the body without additional
excretion. Furthermore, the fluorescence intensities that remained in the
resected tissues and organs were measured at four and twenty four
hours post-injections of free IR783 and the IR783-CD complex and were
compared to measure the difference of time—-dependent biodistribution and

clearance (Figure 4b). As the experiments focused on lowering the
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non-specific background fluorescence, this method was readily applicable
in combination with various types of carbocyanine—-based dyes for

improved NIR fluorescence imaging.

3.4. Time-Dependent In Vivo Tumor Imaging

The tumor imaging capability of the IR783-CD complex in vivo was
investigated in the NCIH460 xenograft tumor model after confirming the
rapid biodistribution and clearance of the IR783-CD complex. Real-time
NIR fluorescence imaging was performed for twenty four hours
post—injection after a single dose of either the free IR783 or IR783-CD
complex (10 nmol, 0.3 mg kg ' calculated using the TR783 concentration)
was intravenously administered into tumor-bearing mice (Figure 5a). The
time—dependent NIR fluorescence imaging showed that the fluorescence
intensity at the tumor site upon treatment with free IR783 reached a
maximum at four hours post-injection whereas the fluorescence signal
from the tumor injected with the IR783-CD complex maintained a
constant level without peak accumulation until after twenty four hours of
administration (Figure b5b). The background fluorescence caused by
nonspecific uptake of free IR783 in adjacent regions to the tumor
however, was higher than the background signals of the IR783-CD
complex which indicated that the free IR783 had lower specificity and
selectivity. More importantly, the TBR values of the IR783-CD complex
gradually increased over twenty four hours post-injection and remained
higher than that of free IR783 (Figure 5c¢). As it is challenging to obtain
an adequate TBR value for most tumor-—targeting contrast agents, this
finding was important for intraoperative optical imaging for improved
image—-guided surgery and in performing diagnostic imaging for early and

accurate cancer detection. Furthermore, tumors were resected
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subsequently along with other tissues and organs, their fluorescence
signals were compared against that of a muscle, and went through
histological analysis and NIR fluorescence microscopy (Figure 6). As
expected, the fluorescence signal of the IR783-CD complex in the tumor
tissue was similar to that of free IR783 because of the similarities of
their tumor affinities, extinction coefficients, and quantum vyields. The
combined use of IR783 and MB-CD allows rapid biodistribution and
clearance within twenty four hours post—injection, has lower non-specific
uptake by the RES, and has higher TBR which allows improved target

detectability and imaging.

3.5. Preparation and Characterization of the ICG-CD Complex

ICG can form dimers and oligomers in aqueous solutions because it has
presence of hydrophilic sulfonyl and hydrophobic naphthyl groups in its
chemical structure and is a conventional amphiphilic tricarbocyanine dye.
When ICG aggregates, it causes self-quenching. This results in a
reduction of fluorescence intensity in aqueous solutions. An [ICG-CD
complex was designed to overcome the low water stability and tumor
targetability. This complex helps improve the in vivo bioavailability of ICG
against tumors for application in targeted photothermal cancer treatment.
The ICG-CD complex preparation is described more in Figure 7. Inclusion
complexes comprising of MB-CD has many advantages such as stability,
improved water solubility, and bioavailability. As such, we have expected
that the ICG-CD complex could achieve high tumor accumulation for
enhanced PTT due to a high optical and chemical stability. Figure 8a
shows that when under the same conditions, the absorption peaks of the
ICG-CD complex that were measured in PBS were similar to those of

ICG between the wavelengths of 710 nm and 780 nm. More importantly,
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the intensity of the absorption peak of the ICG-CD complex at 780 nm
(known as monomer Amax) significantly increased while the absorbance of
the ICG-CD complex at 710 nm (known as dimer Amax) reduced when
compared to with the same concentration of free ICG. These results
indicate that MPB-CD could play an important role in preventing the
dimeric aggregation of ICG after inclusion complexes with free ICG are
formed. Furthermore, under the same conditions, the ICG-CD complex
showed significant higher fluorescence intensity than free ICG as shown
in Figure 8b. As a result, this demonstrates that in aqueous solution, the
ICG-CD complex was successful in using a host-guest self-assembly
process and that the MPB-CD may help in improving the stability and

optical properties of ICG in water.

3.6. Assessment of In Vitro Photothermal Effect

An important prerequisite for successful therapeutic efficacy of a
photothermal agent i1s to have an efficient light-to—heat conversion.
Temperature changes were continuously recorded using a FLIR® thermal
imager as the ICG-CD complex solution (100 uM, which is equivalent to a
0.3 mg/kg single dose of free ICG), PBS, and free ICG were irradiated by
an 808 nm NIR laser (1.1 W/cm?) for one minute. The temperature
change of the ICG-CD complex was similar to that of the free ICG
solution, as expected. The temperature of the ICG-CD complex solution
immediately increased from room temperature (25.6°C) to 89.1°C and
after one minute of irradiation, only a minor change was observed for
PBS (Figure 9a). The ICG-CD complex showed a rapid increase in
temperature (~80°C) within the first 30 seconds and the temperature
plateaued within one minute of laser irradiation (Figure 9b). These results

indicate that the ICG-CD complex could potentially be an effective PTT
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agent for photothermal cancer treatment. In addition, the absorbance of
the ICG-CD complex at 780 nm gradually reduced upon prolonged
irradiation with the 808 nm laser (1.1 W/cm?) for five minutes. This
indicates that after the completion of light-to-heat conversion

performance, ICG was photobleached (Figure 9c¢).

3.7. In Vivo NIR Fluorescence Imaging for Tumor Targetability

To identify the biodistribution behavior and in vivo tumor targetability
of free ICG and the ICG-CD complex in HT-29 xenograft tumor models,
real-time NIR fluorescence imaging was performed. Tumor-bearing mice
were Intravenously injected with either a single dose of free ICG or the
ICG-CD complex (10 nmol, 0.3 mg/kg calculated using the ICG
concentratrion) and were imaged at different points in time to investigate
the accumulation of the ICG-CD complex at the tumor sites with that of
the free ICG as reflected in Figure 10a. Results from the time-dependent
NIR fluorescence imaging showed that the fluorescence intensity at the
tumor site upon treatment with the ICG-CD complex reached its
maximum at four hours post-injection whereas the tumor injected with
free ICG showed a continuous decrease without peak accumulation until
after twenty four hours after administration (Figure 10b). The results of
this study show that the MB-CD moieties of the ICG-CD complex play an
important role in improving tumor targeting; as such, the ICG-CD
complex may be used for enhanced photothermal cancer treatment. In
addition, we monitored the fluorescence signals in the major organs that
were collected from mice after four hours from injection to confirm the
biodistribution of free ICG and the ICG-CD complex (Figure 10c, d). As
expected, we detected free ICG uptake in the duodenum, liver, and

intestinal tract due to hepatobiliary clearance, which is a well-known
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characteristic of ICG. In contrast, with the exception of the liver, ICG-CD
complex uptake was similar to that of free ICG in the intestinal tract and
duodenum. More importantly, a consequence of the reticuloendothelial
system-stealthy feature of MB-CD could be a differential uptake in the
liver between the ICG-CD complex and free ICG. Because MPB-CD may
help in improving the stability and water solubility of ICG, the ICG-CD
complex could leave the liver and achieve prolonged blood -circulation

which may result in preferential tumor uptake.

3.8. Assessment of In Vivo Photothermal Effect

The PTT capability of the complex in vivo was investigated in the
HT-29 xenograft tumor model after the photothermal effect of the
ICG-CD complex in vitro was confirmed. Four hours prior to 808 nm
laser irradiation (1.1 W/cm? for 5 min), a single dose of the ICG-CD
complex (10 nmol based on the ICG concentration) was intravenously
injected into tumor-bearing mice. Additionally, to verify the photothermal
effect generated by only laser power, free ICG and PBS were tested
separately under the same conditions. Variations in temperature were
recorded each minute at the tumor sites in each group using a FLIR®
thermal 1mager. Under laser irradiation, a rapid increase In tumor
temperature (~56.2°C) was detected in the ICG-CD complex-treated
group, whereas a small increase in temperature was noticed in the PBS-
or free ICG-injected groups (~40.3°C and ~45.1°C respectively) (Figure
11a). The results of this study suggest that the marked change in
temperature on the tumor tissue was mediated by the improved tumor
targetability of the ICG-CD complex. Within two minutes of laser
irradiation, the tumor temperature in ICG-CD complex—treated mice

increased rapidly to ~51°C which was sufficient to induce complete tumor
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necrosis. In contrast, the tumor temperatures in other groups were witllo
the range of 40-45°C until five minutes, which was insufficient for tumor

suppression (Figure 11b).

3.9. In Vivo PTT Efficacy

The ICG-CD complex was determined to be suitable for use as a highly
efficient phototherapeutic agent for fluorescence-guided PTT in
tumor—bearing mice due to its excellent vitro photothermal effect and
improved tumor accumulation in vivo. To determine the antitumor effect
of the ICG-CD complex, tumor growth in HT-29 xenograft tumor models
was monitored continuously for nine days after PTT (Figure 12a). To
reflect the change in tumor size, representative images of mice from each
group were acquired. During an observation period of nine days, tumor
volumes in the ICG-CD complex—treated group decreased rapidly without
tumor regrown within five days of laser irradiation, whereas tumor
volumes of the groups treated with PBS and free ICG prior to laser
irradiation increased three to four—folds (Figure 12b). The combination of
the ICG-CD complex and laser irradiation induced tumor ablation resulted
in only black scars at the tumor site after three days of treatment due to
improved accumulation of the ICG-CD complex at the tumor sites.
Furthermore, no body weight loss was observed in the tumor mice during
the course of the therapy which indicates that the treatment was safe
and harmless (Figure 12c¢). Additional evaluation was conducted by H&E
staining of tumor tissue samples that were collected from each group
after one day of treatment (Figure 12d). Groups treated with the
combination of laser irradiation and the ICG-CD complex showed
significant cell damage including nuclear damage and cell shrinkage. In

contrast, vigorous cell proliferation and tight arrangements without any
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detectable damage was present in tumor tissues from other groups. As a
result, this demonstrates that the ICG-CD complex is promising for

effective cancer phototherapy.
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4. Conclusion

Briefly stated, a quick physique-clearable IR783-CD complex was
effectively generated using the host—-guest addition complexation of IR783
and MPB-CD in an aqueous solution, and so this complex was then
employed in studies to enhance malignancy imaging for
fluorescence—guided operations. A greater TBR value was found at the
tumor location with the combination of IR783 and CD than with free
IR783. Within 24 hours of intravenous administration, MB-CD enhanced
the removal of IR783 from the body, increasing its tumor imaging
capability. This methodology presents a practical, easy, effective, as well
as field—applicable solution for overcoming the constraints associated with
the presently available tricarbocyanine dyes, while remaining basic and
straightforward. When coupled with other carbocyanine dyes for
malignancy imaging, MB-CDs serve a vital role in minimizing nonspecific
background signal. Through host—guest incorporation complexation of the
ICG as well as the MB-CD in an aqueous condition, it was finally
possible to construct a phototherapeutic ICG-CD complex, which was then
employed to boost tumor accumulation for improved photothermal
performance. Compared to free ICG, the ICG-CD complex performed
better in targeted tumor imaging. ICG's PTT effectiveness was further
enhanced since MB-CD made it easier for the drug to target tumors.
Cancer PTT guided by fluorescence was shown to be very successful,
resulting in apparent tumor elimination without injuring neighboring normal
tissues, according to the results. As a result, the ICG-CD complex has
the potential to be a viable phototherapeutic agent in the future for
specific cancer imaging as well as precision cancer PTT in clinical

settings.
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Figure 1. (a) This is a schematic representation of inclusion complex
formation between IR783 and MB-CD in an aqueous solution. (b) Table
that compares the optical property and in vivo performance between free
IR783 and the IR783-CD complex. Optical measurements were performed
in PBS at pH 7.4.
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Figure 2. Graphs showing the optical properties of free IR783 and the
IR783-CD complex. Changes in (a) absorbance and (b) fluorescence
spectra of IR783 and IR783-CD solutions at equal IR783 concentrations.
Absorbance and fluorescence emission spectra of each sample were

obtained at a fixed IR783 concentration of 5 X 107% m in PBS at pH 7.4.
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Figure 3. (a) Graph of cell viability assay of the IR783-CD complex using
NCI-H460 cancer cells. Cyto—compatibility was plotted with various
concentrations of the IR783-CD complex twenty four hours
post—treatment. Data is expressed as the mean = SD of the three
independent experiments. (b) Live cancer cell binding of the IR783-CD
complex in NCI-H460 cells. Phase contrast and NIR fluorescence images
of the cell line were obtained at an IR783-CD concentration of 2 X 107°
m. The sample concentration is calculated using the absorbance value of
the IR783. Images are representative of three independent experiments.
The NIR fluorescence image has identical exposure time and

normalization. Each scale bar represents 100 pm.

_31_



(@) [R7sa | [im7saco | () Biodistribution, 4 h PI

Color image NIR flucrescence Caoler Image MIR flucrescence

|
| e H He
1 o I B Lu
1 5 2009 1. . L
g | = | M Pa
B
§ 1 %‘ 150
Sy 1 §
| 100
=
|
1 ﬁ 50
Ba |
T I
ie | IR783 IRTB3-CD
T ST I
|
| Biodistribution, 24 h Pl
1
i 230 - He
B 1 M Lu
£ | S 200 I B Li
2 | = | = Pa
< | 2 150 m sp
I n H Ki
B Du
| &E 100 B In
o He Lu U PaSp| He Lo L Pasp i l—l -, Mu
ge ! v % i
3 | : | i
T e 1 CC = o
W Ki Du In Mu IRTB3 IRT83-CD

Figure 4. Time-dependent in vivo biodistribution of free IR783 and the
[R783-CD complex. (a) Imaging of abdominal exploration and resected
organs imaged at four and twenty four hours post-injections of IR783 and
the IR783-CD complex. (b) Quantitative fluorescence analysis of
intraoperative dissected organs at four and twenty four hours
post-injections of IR783 and the IR783-CD complex. Mice were
intravenously injected with 10 nmol of either the IR783 or IR783-CD
complex and were imaged for twenty four hours. Abbreviations: Du,
duodenum; Fe, feces; He, heart; In, intestine; Ki, kidneys; Li, liver; Lu,
lungs; Mu, muscle; Pa, pancreas; Sp, spleen; and PI, post-injection. Each
scale bar represents 1 centimeter. Images are representative of three
independent experiments. All NIR fluorescence images have identical
exposure time and normalizations. Data is expressed as the mean £ SD

of the three independent experiments.
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Figure 5. Time-dependent in vivo tumor imaging of free IR783 and the
IR783-CD complex. (a) Reflects the NIR fluorescence imaging twenty four
hours post-injection of IR783 and the IR783-CD complex. (b) Graph
reflecting the time—dependent fluorescence intensity at tumor sites
targeted by IR783 and the IR783-CD complex. (c) Reflects the time
course of TBR for twenty four hours post—injection of IR783 and the
IR783-CD complex. TBR was calculated as the fluorescence intensity of
tumor tissue compared to the signal intensity of neighboring tissue
obtained at different time points. Abbreviations: PI, post—injection; and
Tu, tumor. Each scale bar represents 1 centimeter. Images are
representative of three independent experiments. All NIR fluorescence
images have identical exposure time and normalizations. Data is

expressed as the mean = SD of three independent experiments.
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Figure 6. Tumor sections resected from the mice injected with IR783 and
the IR783-CD complex at 24 h post—injection, respectively (top).
Histological analysis of the resected tumor tissues stained with H&E at
24 h after injection of IR783 and the IR783-CD complex (bottom).
Abbreviations: Mu, muscle; and Tu, tumor. Scale bars = 1 c¢cm (white
bars) and 300 pm (black bars). Images are representative of three
independent experiments. All NIR fluorescence images have identical

exposure time and normalizations.
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Figure 7. This figure shows a schematic representation of inclusion
complex formation between indocyanine green (ICG) and
methyl-B-cyclodextrin (MB-CD) in an aqueous state for enhanced

photothermal cancer therapy. PTT: photothermal therapy.
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Figure 8. This figure shows the optical properties of free ICG and the
ICG-CD complex. (a) Changes in the absorbance spectra of the ICG and
ICG-CD solutions under the same ICG concentration. Amplification of the
710 nm and 780 nm regions show a change in absorbance of ICG-dimeric
and ICG-monomeric forms in PBS. (b) Fluorescence spectra of ICG and
ICG-CD solutions upon excitation at 730 nm. Absorbance and
fluorescence emission spectra of each sample were obtained at a fixed

ICG concentration of 10 uyM in PBS at pH 7.4.
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Figure 9. (a) In vitro photothermal images of the free ICG and ICG-CD
complex diluted in PBS (10 nmol based on the absorbance of ICG; 100
uM is equivalent to a single dose of 0.3 mg/kg of ICG) and PBS alone
(100 pL) exposed to 808 nm laser (1.1 W/cm?) for 1 min. The maximum
temperature was recorded automatically via an infrared thermal camera as
a function of irradiation time. Each scale bar represents 1 centimeter. (b)
During one minute of laser irradiation, temperature changes were
monitored for the solutions in each sample. (¢) During five minutes of
laser irradiation, changes in absorbance of the ICG-CD complex solution
(10 uM) were measured at 780 nm. Data are expressed as the mean *

S.D. of three independent experiments.
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Figure 10. In vivo HT-29 tumor targeting efficiency of free ICG and the
ICG-CD complex. (a) Reflects NIR fluorescence imaging for twenty four
hours post-injection of ICG and the ICG-CD complex. (b) Time-dependent
fluorescence intensity at tumor sites targeted by ICG and the ICG-CD
complex. (c) Quantitative fluorescence analysis of intraoperative dissected
organs at four hours post-injection of ICG and the ICG-CD complex. (d)
This figure shows the imaging of the abdominal exploration and resected
organs at four hours post-injection of ICG and the ICG-CD complex.
Tumor mice were intravenously injected with 10 nmol of ICG or the
ICG-CD complex and were imaged for twenty four hours. The tumor site
is indicated by an arrowhead. Abbreviations include: Du, duodenum; He,
heart; In, intestine; Ki, kidneys; Li, liver; Lu, lungs; Mu, muscle; Pa,
pancreas; Sp, spleen; Tu, tumor; and PI, post—injection. Each scale bar
represents 1 centimeter. The images are representative of three
independent experiments and all NIR fluorescence images have identical
exposure and normalization. The data is expressed as the mean = S.D. of

the three independent experiments.
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Figure 11. (a) These images reflect whole-body thermal imaging at four
hours post-injection of PBS, ICG, and the ICG-CD complex of
tumor-bearing mice that were exposed to five minutes of 808 nm laser
irradiation (1.1 W/cm?2). The maximum tumor temperatures were recorded
as a function of irradiation time automatically with an infrared thermal
camera. (b) Temperature changes at the tumor sites in each treatment
group were monitored during five minutes of 808 nm laser irradiation.
Data are expressed as the mean = S.D. of three independent

experiments.
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Figure 12. (a) Images are of in vivo NIR phototherapeutic efficacy.
Representative images show changes in tumor size four hours
post-injection of PBS, ICG, and the ICG-CD complex following a five
minute 808 nm laser irradiation (1.1 W/cm?). The tumor site is indicated
by an arrowhead and each scale bar represents one centimeter. (b) The
tumor growth rate and (c) body weight of each treatment group were
monitored for nine days. Data are expressed as the mean = S.D. of three
independent experiments. (d) Tumor sections from each group were
stained with H&E twenty four hours after laser irradiation. Each scale bar

represents 100 pm.
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