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ABSTRACT

Purpose The focus of this research was to formulate and evalu-
ate a theranostic liposomal delivery system using indocyanine
green (ICG) as a photosensitizer, triggered by near infrared
(NIR) irradiation, for in vivo photodynamic therapy (PDT) of breast
cancer.

Methods Cytotoxicity of PDTusing liposomal ICG (LPICG) as well
as free ICG (FRICG) was evaluated in the human MDA-MB-468
triple-negative breast cancer (TNBC) cell line. NIR irradiation-
induced increase in temperature was also monitored both in vitro
and in vivo. Quantitative pharmacokinetic profile and fluorescence
imaging-based biodistribution patterns of both formulations were
obtained using the human TNBC xenograft model in nude mice.
Overall safety, tolerability, and long-term anti-tumor efficacy of LPICG
versus FRICG-mediated PDT was evaluated.

Results Significant loss of cell viability was achieved following
photoactivation of LPICG via NIR irradiation. Temperatures of
irradiated LPICG increased with increasing concentrations of
loaded ICG, which correlated with significant rise of temperature
compared to PBS in vivo (p <0.01). Pharmacokinetic assessment
revealed a significant increase in systemic distribution and circula-
tion half-life of LPICG, and NIR fluorescence imaging demonstrat-
ed enhanced accumulation of liposomes within the tumor region.
Tumor growth in mice treated with LPICG followed by NIR
irradiation was significantly reduced compared to those treated
with FRICG, saline, and irradiation alone.

Conclusions In vivo photodynamic therapy using LPICG demon-
strated targeted biodistribution and superior anti-tumor efficacy in
a human TNBC xenograft model compared to FRICG. In addi-
tion, this unique delivery system exhibited a promising role in NIR
image-guided delivery and real-time biodistribution monitoring of
formulation with ICG serving as the fluorescent probe.
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ABBREVIATIONS

EPR Enhanced permeation and retention
FRICG  Free indocyanine green

LPICG  Liposomal indocyanine green

NIR Near-infrared

PDT Photodynamic therapy

PEG Polyethylene Glycol

ROS Reactive oxygen species
TNBC  Triple-negative breast cancer
INTRODUCTION

Substantial advancements in the area of cancer research with-
in the past decade have led to emergence of several novel
therapeutic approaches besides the mainstream surgical re-
section, radiation therapy, and chemotherapy. Photodynamic
therapy (PDT) is among these alternative and modern modal-
ities, which has recently garnered increasing attention for
applications in oncology due to its selectivity, minimal system-
ic toxicity, and non-invasive features (1-3). This light-based
approach was approved approximately two decades ago by
the Food and Drug Administration as the first drug-device
combination, yet currently oncological applications of PDT
are far under utilized (4). Due to the negligible side effects of
PDT, sparing of organ function, and excellent compatibility
with current therapeutic modalities such as chemo/radio
therapy, there is a convincing demand for the revival of this
promising treatment modality.

Photodynamic therapy involves the use of a biocompatible
photosensitizer and light energy of optimal wavelength to
initiate photochemical reactions. The cytotoxic effects of
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PDT are based on the generation of reactive oxygen species
(ROS), which stem from both #pe I (direct substrate interac-
tion with radical formation) and #ype II (direct energy transfer
to molecular oxygen) reactions (5). These ROS induce oxida-
tive damage to bioorganic molecules including proteins,
nucleic acids, carbohydrates, and lipids, consequently leading
to destruction and death of targeted cancer cells. PDT has
been used in the clinic with high efficacy for a wide variety of
oncological applications including treating cancers of the
brain, head and neck, lung, breast, pancreas, intraperitoneal
cavity, colon, prostate, and skin (1,6).

More recently, an increasing amount of research has been
conducted in evaluating and improving photosensitizers to
enhance the efficacy of PDT in various cancer types (7—14).
Our particular photosensitizer of interest is indocyanine green
(ICG), which 1s a water-soluble, anionic tricarbocyanine dye
commonly used in numerous medical imaging and diagnostic
applications (15). ICG is very safe and well tolerated, with a
high lethal dose (LDsg) between 50 and 80 mg/kg in animals
(16). As a non-toxic organic near-infrared (NIR) dye ICG is
also an attractive photosensitizer for PDT due to its strong
absorption at 805 nm with minimal bioscattering and limited
autofluorescence of biomolecules at this wavelength. Conse-
quently, deeper tissue penetration and higher signal-to-noise
ratio images can be achieved using ICG as opposed to other
photosensitizers excited at shorter wavelengths (17,18).

Despite its many positive attributes, ICG exhibits poor
pharmacokinetics and limited n viwo photostability when used
in its free solution form for PDT (19,20). Nanotechnology may
be employed to enhance the formulation properties and there-
by improve its efficacy in PDT by offering protection against
aqueous degradation and prolonging circulation half-life
(21-24). As a modern emerging platform for cancer therapy,
nanotechnology involves the use of nano-sized drug carriers
smaller than 100 nm in diameter to offer enhanced delivery of
drugs. It is well established that the tumorous region
tends to undergo fast blood vessel production due to
increased demands of the rapidly proliferating cells for
oxygen and nutrients. Consequently, abnormalities in
the fluid transport and lymphatic system in addition to
formation of poorly aligned endothelial cells and wide
fenestrations cause nanoparticles to be preferentially ac-
cumulated and retained in the tumor site known as the
enhanced permeation and retention effect (EPR) (25).
Liposomes are among one of many nanocarrier systems
and are distinguished by having a closed colloidal struc-
ture composed of self-assembling lipid bilayers, which
allow the encapsulation of hydrophilic as well as incor-
poration of lipophilic molecules. Furthermore, surface
conjugation of polymers such as polyethylene glycol
(PEG) affords reduced clearance and longer half-life of
the vesicle via limited detection and degradation by cells
of the immune system (26).

Previously, a thermosensitive liposomal formulation of ICG
(LPICG) was developed and evaluated in our laboratory which
exhibited excellent stability at 37°C, yet a gel to liquid transition
and burst release effect at temperatures above 42°C was obtain-
ed (27). Furthermore, LPICG-based PDT was extensively inves-
tigated in our most recent publication, which demonstrates a
comprehensive i vitro evaluation and optimization of this ap-
proach for treatment of triple-negative breast cancer (TINBC)
cells (28). TNBC 1s considered to be one of the most aggressive
and least responsive forms of breast cancer due to absence of cell
surface receptors that can serve as targets for small molecule and
or hormonal therapeutics (29). Furthermore, genomic alterna-
tions associated with TNBC has shown to render the cells
particularly more sensitive to oxidative damage (30). Subsequent-
ly, lack of effective and targeted therapy calls for development of
alternative therapeutic strategies such as PD'T. The results from
our previous study illustrated a significant  vitro cytotoxic poten-
tial across a panel of TNBC cells (28). Due to these promising
outcomes, we sought to evaluate this liposomal delivery system
for PDT wn viwo anticipating enhanced pharmacokinetics and
biodistribution of LPICG leading to improved and localized
destruction of the cancer tissue. Accordingly, the most responsive
TNBC cell ine, MDA-MB-468, was selected for this work to
establish a xenograft model in nude mice and conduct the
proposed i vwo studies for illustration of enhanced and localized
PDT for the tumor.

MATERIALS AND METHODS
Materials

Heparinized mouse plasma was purchased from Innovative
Research (Novi, MI). Isoflurane for anesthesia was purchased
from Butler Schein Animal Health (Dublin, OH). Matrigel was
purchased from BD Biosciences Inc. (San Diego, CA). 1, 2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and L-a-
phosphatidylcholine (Soy-PC) were purchased from Avanti Polar
Lipids (Alabaster, AL). N-(carbonyl-methoxypolyethyleneglycol
2000)-1, 2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE-PEGy) was purchased from NOF Corporation (To-
kyo, Japan). Cholesterol was purchased from Alfa Aesar (Ward
Hill, MA). Indocyanine green, IR-820, dimethylsulfoxide
(DMSO >99.9% reagent grade), formic acid, MTT, ammoni-
um acetate and Sephadex G-75 were obtained from Sigma-
Aldrich (St. Louis, MO). Acetonitrile and fetal bovine serum
were acquired from Fisher Scientific (Hanover Park, IL). DMEM
and phosphate buffered saline were purchased from Life Tech-
nologies (Grand Island, NY). Penicillin streptomycin (PS) was
purchased from Atlanta Biologicals (Lawrenceville, GA).
Aminopropyl columns (20 mg, 1 cc, CEREX) were purchased
from SPEware Corporation (Baldwin Park, CA). Infrared
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thermometer and thermocouple probe were obtained from Fish-
er Scientific (Hanover Park, IL).

Preparation and Characterization of Liposomal ICG
(LPICG)

LPICG was formulated via a standard thin film/extrusion
method, with a formulation composition of DPPC: Soy-PC:
Chol: DSPE-PEGyqqo in a molar ratio of 100:50:30:0.5. The
total mass of lipids used was 20 mg. Formulation components
were placed into a 25-mL round-bottom flask with the addi-
tion of 1-2 mL of chloroform/methanol (2:1) solution to
dissolve the lipids. The solvent was then rotoevaporated at
37°C to yield a thin film followed by overnight vacuum to
remove any residual solvent. The next day, an aqueous solu-
tion of ICG was prepared at a concentration of 10 mg/mL
and used to hydrate the film at 60°C for 1 h to form multi-
lamellar liposome vesicles. Following hydration, the liposomal
suspension was passed through a mini-extruder set, with 100-
nm polycarbonate membrane, 19 times at 65°C to generate
uni-lamellar liposomes. Unencapsulated ICG was isolated
from the liposomal suspension v size exclusion chromatog-
raphy using Sephadex G-75. The particle size distribution of
liposomes was measured using Malvern Nano Zetasizer
(Worcestershire, United Kingdom). ICG was quantified by
high-pressure liquid chromatography-electrospray ionization
tandem mass spectrometry (HPLC-ESI-MS-MS) using an
Agilent 1200 series HPLC coupled to an Agilent 64108
QOO mass spectrometer (Agilent, Santa Clara, CA) with
IR-820 as the internal standard. Chromatographic separation
was achieved using an Agilent Zorbax Eclipse Plus (100 mm X
2.1 mm, 3.5 pm) C18 column with the column compartment
maintained at 35°C using an injection volume of 15 pL. A
gradient elution was used with elution solvents composed of
10 mM ammonium acetate solution at pH 3.0, adjusted by
formic acid (A) and acetonitrile (B) according to the following
gradient: 0-2.5 min (45% B), 2.5-3.0 min (75% B), 3.01-
7.0 min (75% B), and 7.0-7.01 min (45% B) with a 4.5-min
post-run using a constant flow rate of 0.45 mL/min. The
retention times for ICG and IR-820 were 2.7 and 6.2 min,
respectively. Positive mode ionization conditions were opti-
mized using a (Ny) drying gas temperature set to 350°C, flow
rate of 12 L/min, nebulizer spray at 35 psi, and capillary
voltage of 3,000 V. Multiple reaction monitoring (MRM)
mode was used with a corresponding dwell time set to
100 msec and an electron multiplier voltage setting of +
400 V. For ICG, an SRM transition of (m/z 753—330 Da)
was used as the quantifier and (827 —330 Da) for IR-820,
using a fragmentor voltage of 160 V and collision energy of
38 V to monitor both. All of the formulations in this study
were used within less than 24 h to avoid and/or minimize
aggregation, quenching, and degradation of ICG.

@ Springer

Cell Culture

Human TNBC cell line MDA-MB-468 was provided by Dr.
Ruth O’Regan from Winship Cancer Institute, Emory Uni-
versity School of Medicine. MDA-MB-468 cells were grown
in DMEM supplemented with 100 units/mL of penicillin and
100 pg/mlL streptomycin in addition to 10% fetal bovine
serum, in a humidified incubator set at 37°C with 5% COs,.
Growth media was replaced every three days and cellular
confluence and morphology were periodically monitored.

Cytotoxicity Assessment of PDT Across Pig Ear Skin

Sections of isolated pig ear skin were used to evaluate the
penetration depth of NIR irradiation and evaluate the cyto-
toxic effects of NIR-induced PDT across the tissue. The
thickness of pig ear skin was measured to be approximately
1.75 mm using a vernier caliper with an average area of
8.0 cm”. Briefly, MDA-MB-468 cells were seeded at 50,000
cells in 35X 10 mm culture plates and placed in a humidified
incubator maintained at 37°C with 5% COy overnight. The
next day, cells were rinsed with PBS and replaced with
37.5 uM solution of LPICG followed by incubation for 10 h
to obtain internalization of the photosensitizer. LPICG was
then removed and cells were thoroughly rinsed with 1 mL of
PBS. Next, a section of pig ear skin tissue was placed directly
over each petri dish to cover the cells entirely and the plate was
irradiated using a 2-W, 0.5-m NIR fiber-coupled laser diode
consisting of bundle diameter of 6.2 mm and individual fiber
diameter of 100 um (Edmund Optics, Barrington, NJ). The
laser system was calibrated in milliwatts (mW) and LD
milliamp current (mA) with a maximal energy output of
2 W emitting at 808 nm, using laser fluences of 0, 15, 30,
60, and 100 J/cm?. Following light exposure, PBS was imme-
diately removed and replaced with fresh growth media incu-
bated for another 24 h after which cytotoxicity was deter-
mined via MTT assay. Briefly, 10 pL. of 3-(4, 5-dimethyl-
thiazol)-2, 5-diphenyltetrazolium bromide (MTT) solution in
PBS (5 mg/mlL) was added to cells and incubated for approx-
imately 3 h at 37°C. The media were then removed, the
resulting formazan crystals were dissolved in 100 pL of
DMSO, and absorbance was measured at 570 nm using a
Synergy HT plate reader (Bio-Tek Instruments, Winooski,
VT). Cell viability was determined by taking the signal from
treated groups over control groups without irradiation. All
experiments were carried out in triplicates and data was
plotted as the mean values + standard deviation (SD).

Tumor Xenograft Murine Model
Female athymic nude mice (nu/nu, 4-6 weeks old weighing

18-22 g) were purchased from Charles River Laboratories
(Wilmington, MA) and animals were received and cared for
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according to the protocols approved by the Institutional An-
imal Care and Use Committee of Mercer University TUCAC
Approval Number: A1307009). Animals were housed in
autoclaved cages and maintained under a 12-h light/dark
cycle at temperatures ranging form 20-25°C, with continuous
access to food and water ad libitum. Mice were initially
quarantined and acclimatized for 1 week following arrival.
Tumor growth was induced by subcutaneous implantation of
human TNBC MDA-MB-468 cells (4% 10° in a 0.1 mL
matrigel/ DMEM mixture) on the right and left lower flanks
of the mice (31,32). Tumor-bearing animals were then
allowed to reach mean tumor volumes of 50100 mm” follow-
ed by randomization of the mice into appropriate treatment
and controls groups. Visible tumor masses usually appeared
roughly 10 days after implantation. Tumor volumes and total
body weight were recorded routinely. The tumor volumes
were measured using a caliper and calculated as (width)® x
length/2, where width was measured as the shortest diameter
and length as the longest diameter of the nodules.

Quantitative Pharmacokinetic Evaluation of FRICG
and LPICG

After mean tumor volumes reached between 50 and
100 mm®, animals were randomized into groups consisting
of 4 mice per group to determine the whole body disposition
of free ICG (FRICG) and LPICG. Mice were fasted overnight
(~8 h) with ad lLibitum water, weighed the next morning, and
administered intravenously with diluted FRICG or LPICG in
PBS at 5 mg/kg, v the tail vein. Staggered sampling was
performed via retro-orbital whole blood collection at 0, 5, 15,
30, 60, 120, and 180 mins following injection. Protein precip-
itation using a novel anion exchange solid phase extraction
methodology was employed to separate and purify ICG from
plasma, which was isolated from whole blood by centrifuga-
tion at 2,500 g for 10 mins at 20°C. 50 pL of each plasma
fraction was then transferred into a separate tube with the
addition of internal standard to each sample at 500 ng/mL.
Protein precipitation was performed using 100 pL of cold
acetonitrile, whereby samples were vortexed for 0.5 mins
and centrifuged at 10,000 g for 5 mins. Aminopropyl columns
(20 mg, 1 mL, CEREX) were conditioned using 500 pL of
methanol, followed by charging the sorbent using 500 pL of
acetate buffer (100 mM, pH 4.5). Samples were then applied
onto the sorbent and rinsed with 500 pL of water followed by
500 pL of methanol, and allowed to dry under vacuum for
10 mins. Rinse tubes were replaced with sample collection
tubes and ICG was eluted using two sequential 500-puL por-
tions of 2% NH,OH in MeOH. Samples were then evapo-
rated to dryness followed by reconstitution in 100 pL of
mobile phase and transferred into autosampler vials for
HPLC-ESI-MS-MS analysis as described in the previous sec-
tion. Pharmacokinetic parameters were calculated by non-

compartmental analysis using the Phoenix WinNonlin v 6.3
software (Pharsight, Sunnyvale, CA).

In Vivo NIR Fluorescence Imaging and Terminal
Biodistribution Assessment

Once the tumor volumes reached an average of 400—
500 mm®, mice were randomized into two groups injected
with either FRICG or LPICG at ICG dose of 5 mg/kg.
Formulations were administered intravenously v the tail vein
and whole body imaging was performed using the Odyssey
bioimaging system (LI-COR Biosciences, Lincoln, NE) at 0, 4,
8, 24, and 48 h after dosing. The average fluorescence inten-
sity corresponding to tumors on each side was calculated and
compared between FRICG and LPICG groups. For determi-
nation of terminal biodistribution of both FRICG and
LPICG, Mice were intravenously injected with 5 mg/kg of
each formulation, sacrificed 24 h later, and organs including
the heart, lung, liver, spleen, kidneys as well as the tumor were
excised, weighed, and imaged via the Odyssey bioimager using
800 nm as the fluorescence spectral channel. The mean fluo-
rescent intensity signal for each organ was integrated and
compared between the two treatment groups (n=3).

NIR Irradiation-Induced Temperature Effects

Temperature effects during NIR irradiation were evaluated
wn vitro using concentrations of LPICG equivalent to 6, 12, and
24 pg/mL in comparison to a blank PBS solution. Temper-
atures were monitored using a thermocouple probe with
measurements made every 30 s for a total of 5 mins during
exposure of LPICG and PBS solutions to 2 W/em? of NIR
irradiation. Additionally, irradiation-induced temperature ef-
fects were evaluated i viwo using the tumor-bearing mice
injected with PBS, FRICG, or LPICG (5 mg/kg ICG dose)
and irradiated after 6 h. The maximal irradiation output
energy was adjusted to 2 W/cm? corresponding to 2 mins of
light exposure and total fluence of 240 J/cm®. Irradiation-
induced temperature increases for both treatment and control
groups were recorded using a thermocouple probe placed at
the tumor flank with measurements made every 10 s during
the 2-min irradiation period.

In Vivo Anti-Tumor Efficacy of LPICG-Mediated PDT

When nude mice inoculated with MDA-MB-468 cells on
lower flanks reached an average tumor volume of 50—
75 mm” mice were randomized into five groups consisting of
PBS alone, PBS + laser, LPICG alone, LPICG + laser, and
FRICG + laser. Mice were weighed and administered with
either 200 uL of PBS, 5 mg/kg FRICG, or 5 mg/kg LPICG
followed by localized NIR irradiation of the tumor site 6 h
later for 2 mins at 2 W/cm”. Mice were weighed and tumor
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sizes were measured every 3 to 4 days with volumes calculated
as (width)? X length/2.

Statistical Analysis

Statistically significant differences between groups were eval-
uated using analysis of variance (ANOVA) and Student’s #
test. All experiments were carried out in triplicates (2= 3) and
mean values with standard deviation (SD) were used to plot
the figures. P values <0.05 were considered to be statistically
significant.

RESULTS AND DISCUSSION
Preparation and Characterization of LPICG

The mean hydrodynamic diameter of LPICG was 79.8+
11.6 nm (Fig. 1a). After size exclusion chromatography, lipo-
somes were routinely quantified using a newly developed and
validated assay for reversed phase HPLC coupled to
electrospray 1onization tandem mass spectrometry. Liposomes
hydrated with appropriate concentration of ICG (~8-10 mg/
mL) and yielded encapsulated ICG levels between 500 and
700 pg/mL after purification, which were subsequently dilut-
ed in PBS. A representative chromatogram is provided in
Fig. 1b, which illustrates the chromatographic separation

Fig. | (a) An illustrative size a 3o
distribution plot for ICG-loaded
liposomes with mean
hydrodynamic diameter of 79.8 =
['1.64 (n=4), as determined by
dynamic light scattering. (b)
Representative chromatogram of
ICG and IR-820 with retention

Number (%)

and subsequent mass spectroscopy analysis of ICG using IR-
820 as an internal standard.

Cytotoxicity Assessment PDT Across the Pig Ear Skin

In an attempt to demonstrate the effective laser light depth of
penetration in the NIR region leading to cytotoxic effects,
LPICG-mediated PDT of MDA-MB-468 cells were achieved
by irradiation across pig ear skin. As described earlier, com-
bination of ICG with NIR laser irradiation results in excita-
tion of the photosensitizer that induces the photooxidative and
subsequent cytotoxic effects of PD'T on cancer cells (31-33).
The induction of DNA and protein damage mediated by
generation of ROS in this process has been well established
and characterized in the literature (34). Furthermore, liposo-
mal encapsulation of photosensitizers other than ICG have
been attempted and evaluated i vitro and ex vivo by other
researchers for cancer treatment, which have shown to be
very beneficial (35). We expect that liposomal ICG will be
excited by NIR irradiation and anticipate that excited ICG
molecules are released due to increase in temperature, which
in turn will react with the surrounding oxygen. Additionally,
laser light can readily penetrate through the liposomal bilayer
to activate the ICG molecules to generate ROS, which may
freely diffuse across the bilayer. As observed in Fig. 2, the
photodynamic effect is evident in a directly proportional
dose—response pattern with greater cell death observed at
increasing laser light fluences ranging from 0 to 100 J/cm®.
Furthermore it is shown that the laser light is readily capable
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Fig. 2 Cytotoxicity profile of MDA-MB-468 cells incubated with LPICG for
10 h prior to NIR irradiation across pig ear skin with .75 mm thickness, using
laser fluences ranging from 0 to 100 J/em?. Cytotoxidity was examined 24 h
after illumination via MTT assay. Plotted values represent the mean % cell
viability + SD (n=3).

of penetrating through a 1.75 mm thick pig ear skin tissue
composed of a total area of 8.0 cm”. Cytotoxicity evaluated
24 h after PDT indicated that LPICG combined with laser
irradiation caused a mean 96% loss of total cell viability after a
brief 4-min illumination. Hence, PDT triggered by NIR irra-
diation of liposomal ICG is a promising approach to be
evaluated  viwo for its potential in treatment of cancer.

Quantitative Pharmacokinetic Evaluation of FRICG
and LPICG

Nano-based drug delivery using liposome carrier systems have
been demonstrated to enhance the pharmacokinetic profile due
to EPR effect and ultimately depend on the bio-physical prop-
erties of the formulation such as size, charge, and PEGylation
(36). Using a novel extraction and analytical assay for ICG with a
limit of quantitation at 10 ng/mL, adequate sensitivity and
specificity were obtained to allow characterization of FRICG
and LPICG plasma concentrations over time following i.v. bolus
dosing of tumor-bearing athymic mice. The method was dem-
onstrated to have an excellent extraction efficiency with recover-
ies >95% for ICG, which is a critical feature for assaying samples
with limited volume. Non-compartmental modeling using
WinNonlin was performed with plasma concentration time pro-
files evaluated for FRICG and LPICG demonstrating the whole
body disposition of ICG (Fig. 3). Pharmacokinetic estimations for
both formulations are summarized in Table L.

Immediately 5 min after dosing, the mean maximum concen-
trations (C,,) In plasma were 1573.1£429.0 and 10099.2+
1627.2 ng/mL for FRICG and LPICG, respectively (p <0.01).
LPICG exhibited over a 6-fold increase in ICG plasma concen-
trations. The mean area under the plasma concentration time
curve from zero to infinity (AUClg.e) was determined to be 611.2
+176.4 ng.hr/mL for FRICG versus 1905.7 = 56.9 ng.hr/mL for
LPICG (p <0.001). LPICG was found to have a 3-fold higher
AUC, an important metric parameter for evaluation of total

1609
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Fig. 3 ICG plasma concentration time profile following i.v. dosing using
5 mg/kg of either FRICG (solid-line) or LPICG (dashed-line) in tumor-bearing
nude mice. Retro-orbital blood collection was performed at O, 5, 15, 30, 60,

120, and 180 min after dosing. The data represent the mean plasma con-
centrations = SD (n =4) using staggered sampling from mice in three groups.

systemic ICG exposure. Total clearance (CLy) and volume of
distribution at steady state (Vpgss) were determined to be 6405.6
+434.8 mL/hr/kg and 10830.3%+2305.4 mL/kg for FRICG,
and 2632.8176.0 mL/hr/kg and 2512.2+570.6 mL/kg for
LPICG, respectively (p <0.001 for CLy and p <0.05 for Vpgg).
CLy was decreased by 3-fold using LPICG as compared to
FRICG. Following i.v. bolus administration of 5 mg/kg FRICG
or LPICG, the plasma concentration time profile for both de-
creased rapidly for the first 15 mins and then exhibited a steady
elimination profile with t., of 71.3+7.8 and 82.2+10.4 mins for
FRICG and LPICG, respectively. The elimination half-life was
slightly extended using LPICG but was very similar to FRICG
with no statistically significant difference. It was also observed
that LPICG exhibited confinement to the central compartment,
which is most likely attributed to the larger size of liposomal
carriers (<100 nm). Results from this study are highly compara-
ble to data in the existing literature. For instance, encapsulation
of ICG in other types of nanocarriers has shown to enhance its

Table I Estimated Pharmacokinetic Parameters for Total Systemic Exposure
of FRICG and LPICG in Tumor-Bearing Nude Mice (n=4)

Parameter FRICG (mean =+ SD) LPICG (mean = SD)
12 (Min) 71378 822104

Crax (ng/mL) 1573.1+429.0 10099.2 = 1627.2 (**)
AUC) o (ng.hr/mL) 61121764 1905.7 = 56.9 (**¥)
CLy (mL/hr/kg) 6405.6+=434.8 2632.8=76.0 (¥
Vpss (ML/kg) 10830.3+2305.4 251225706 (*)

Abbreviations t,,: elimination half-life; Cp,,¢ maximal plasma concentration;
AUC, ..: area under the curve for plasma concentration time values from
zero to infinity; Cly: total clearance; Vpss: estimated central compartment
volume of distribution at steady state. Significant difference is shown as p
<0.001 (**), p <0.01 (**), and p <0.05 (*)
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pharmacokinetic and biodistribution profiles relative to free ICG
corresponding to higher accumulation of the dye in organs as
well as up to 10-fold greater plasma levels following i.v. dosing
(37). The pharmacokinetic analysis of this study demonstrates an
approximately 6-fold increase in plasma levels as compared to
FRICG after 1.v. bolus dosing of LPICG.

In Vivo NIR Fluorescence Imaging and Terminal
Biodistribution Assessment

Accumulation of photosensitizer within the tumor 1s imperative
mn successfully achieving the desired cytotoxic effects of PDT.
Fluorescence imaging and ex viwo analysis of isolated organs may
be readily performed in order to determine the terminal
biodistribution profiles (38). A non-invasive NIR imaging ap-
proach was chosen to evaluate the accumulation, circulation, and
disposition of ICG in tumor-bearing mice. Due to encapsulation
of ICG in liposomes, stability of the fluorophore is largely en-
hanced, which in turn allows for real-time, image-guided delivery
and monitoring of the formulation. Mice were pre-imaged and
subsequently dosed with 5 mg/kg of either FRICG or LPICG
followed by whole body scanning at various time-points includ-
ing 4, 8, 24, and 48 h. It was observed that FRICG was rapidly
eliminated from circulation after approximately 4 h, with only
minimal residual fluorescence intensity after 8 h and nearly
complete elimination after 24 h (Fig. 4a). In contrast, LPICG
exhibited preferential and higher accumulation corresponding to
elevated fluorescence signal within the tumor tissue up to 48 h as
illustrated in Fig. 4b. Fluorescence intensity counts at the tumor
site for LPICG group were also much higher as compared to
FRICG and were found to be statistically significant at 4, 8, 24,
and 48 h with p values <0.05, 0.05, 0.05, and 0.01, respectively
(Fig. 4c). Once again, these results are consistent with the hy-
pothesized EPR effect of nanocarriers within the tumor region
due to anatomical deformities and physiological dysfunctions.

Terminal biodistribution was also assessed after adminis-
tration of 5 mg/kg FRICG or LPICG and excision of organs
24 h later. It was observed that qualitatively, ICG fluorescence
intensity 1n all organs including the tumor, heart, liver, spleen,
and kidneys, with the exception of lungs, was much higher for
the LPICG group (Fig. 4b). Similarly, Fig. 4d indicates that
the average fluorescence intensity counts of organs including
the tumor were significantly higher for LPICG than FRICG
with p <0.01. These results collectively demonstrate the ad-
vantages offered by formulating LPICG including greater
ICG stability, enhanced biodistribution of liposomes and ac-
cumulation at the tumor site, and reduced clearance of the
formulation compared to FRICG.

NIR Irradiation-Induced Temperature Effects

Temperature effects induced by NIR irradiation were first eval-
uated @ wvitro using aqueous solutions containing increasing

@ Springer

concentrations of LPICG compared to PBS solution as the
control. As temperature change was monitored during laser
exposure, the PBS control solution showed to have an imtial
temperatre spike of 5°C and stabilized to reach a maximal
temperature of 30°C over 5 min of irradiation. On the other
hand, a directly proportional dose—response increase was ob-
served for LPICG with increasing loaded concentrations of ICG
from 6 to 24 pg/mL corresponding to maximal temperatures of
43 to 62°C respectively. The 24 pg/mL concentration of LPICG
combined with laser irradiation was found to be highly statisti-
cally significant compared to PBS plus laser with p <0.001
(Fig. 5a). Since ICG is capable of offering selective photothermal
destruction of cancer cells, we next sought to evaluate the  vio
temperature effects (39). In vivo NIR-induced temperature chang-
es during photodynamic treatment to tumored mice were exam-
ined after administration of PBS, FRICG, or LPICG at 5 mg/kg
and irradiation for 2 min, 6 h after dosing using an 808 nm laser
at 2.0 W/cm®. The temperature of tumor mass in mice dosed
with PBS had an average initial increase of 7°C ultimately
reaching 44°C. However, the tumor mass temperature in mice
administered with FRICG and LPICG exhibited increases of 8
and 10°C, respectively, with both reaching maximal tempera-
tures close to 50°C (Fig. 5b). It is evident that mice dosed with
LPICG or FEICG demonstrated the greatest rise in temperature
with a signficant difference compared to PBS (p<0.01). In our
previous article we performed extensive i zitro studies to establish
the photodynamic effects of ICG triggered by NIR irradiation
(28). However, heating >50°C usually has some degree of
photothermal effects as well, which is directly correlated to
exposition time (seconds) and density of power (w/cm?). We
expect that the majority of anti-tumor effect from our treatment
is attributed to the photodynamic reaction due to our brief
exposure time and overall irradiation energy in addition to the
high photosensitizer concentration; that being said, using longer
exposure times may augment photothermal effects. Nevertheless,
given the potential photothermal capabilities of ICG and prefer-
ential accumulation in the tumor, additional localized destruc-
tion of tumor cells may be achieved to further enhance the ant-
tumor efficacy of PD'T (40,4 1). Literature has shown that tumor-
bearing mice administered with ICG and stimulated by NIR
laser light at 808 nm exhibited significant tissue necrosis upon
histological evaluation, which gradually led to reduction of tumor
volume when compared to control groups (42). Hence, LPICG
delivery system irradiated by INIR laser light may even be able to
achieve selective and targeted dual cytotoxic effects at the tumor
site elicited via both PDT and photothermal therapy.

In Vivo Anti-Tumor Efficacy of LPICG-Mediated PDT

PDT has been shown to have numerous clinical applications
including treatment of various cancer types by offering selectivity
and high tolerability (12). Encouraged by our preliminary results
using LPICG-based PDT  vitro, we pursued the evaluation of
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Fig. 4 (a) NIR fluorescence imaging of athymic nude mice with established MDA-MB-468 xenograft model, using the 800 nm spectral channel. Mice were
imaged at 0, 4, 8, 24, and 48 h following i.v. dosing of 5 mg/kg FRICG or LPICG. One representative mouse is shown out of the three scanned mice per group
with ellipses indicating the tumor location on both flanks. (b) Terminal biodistribution assessment to evaluate the tumors, heart, lungs, liver, spleen, and kidneys
imaged 24 h after dosing with FRICG or LPICG. (c) Average fluorescent intensity signal counts of tumors located on flanks of nude mice imaged 4, 8, 24, and 48 h
after dosing with 5 mg/kg FRICG or LPICG. Representative values are the mean fluorescence counts = SD (n = 3). (d) Average fluorescent intensity in organs
dissected 24 h after dosing with 5 mg/kg FRICG or LPICG. Plotted values correspond to mean fluorescence intensity counts = SD (n = 3). Statistical significance is
indicated by p <0.05 (¥) and <0.01 (**¥).

i vivo efficacy (28). Based on doses of ICG 1n the literature as ~ PD'T over 54 days. After establishing the size of the tumor, mice
well as a small-scale pilot study, a single dose of 5 mg/kg FRICG ~ were injected with PBS, FRICG or LPICG on day 9, and those
or LPICG was selected to determine the anti-tumor effects of ~ in laser treatment groups were irradiated 6 h post-injection.
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Fig. 5 (@) In vitro temperature elevation of aqueous solutions containing LPICG with various encapsulated ICG concentrations during a 5-min NIR irradiation
(808 nm, 2 W). Results are the mean values = SD (n = 3). (b) In vivo tumor surface temperature changes during a 2-min NIR irradiation (808 nm, 2 W), 6 h after
i.v. dosing of PBS, or 5 mg/kg FRICG or LPICG. Plotted values represent the mean temperature = SD (n=4). Student t-test was performed to evaluate the
statistical significance between groups for both in vitro and in vivo with p values <0.01 (*¥) and <0.001 (*¥*¥).
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Fig. 6 In vivo PDT of MDA-MB-468 xenograft model established in nude P>

mice using NIR light emitting at 808 nm and 2 W/cm? energy for 2 min, 6 h
post i.v. administration. (a) Mice were injected with PBS (I, IV), 5 mg/kg
FRICG (II, V), or 5 mg/kg LPICG (lll, VI). PBS plus laser control group
illustrates negligible damage to the tumor, while FRICG shows minimal
damage and LPICGC exhibits significant damage to the tumor 2 days after
ilumination. (b) Evaluation of PDT anti-tumor efficacy over 54 days in tumor-
bearing mice treated with PBS alone, PBS plus laser; LPICG alone, LPICG plus
laser, and FRICG plus laser. NIR irradiation was initiated on the 9th day for the
designated groups and was performed 6 h after dosing for 2 min emitting at
808 nm and 2 W/em? fluence level. Plotted values are representative of mean
tumor volumes = SD (n=#6). (c) Total body weight of tumor-bearing mice
throughout the course of treatment to demonstrate tolerability. Values are
representative of the mean weight = SD (n=3). (d) Depiction of weighed
excised tumors from each treatment and control group. Plotted values are
representative of the mean weight = SD (n=6), with statistical significance
denoted as p <0.01 (**) and <0.001 (***¥). (e) Representative images of
tumor mass growth on the final day of study before excision. (f) Excised
tumors from each group indicating significant proliferation of the tumor mass
for control groups with considerably smaller volumes for PDT treatment
groups and even partial eradication for LPICG-PDT group.

Tumor growth progression was monitored every 3—4 days. As
demonstrated in Fig. 6a, mice that were administered with PBS
or FRICG and treated with 808 nm laser irradiation at 2 W/
em? for 2 min showed negligible and minor subsequent damage
to the tumor and increasing proliferation of the mass after
16 days. In contrast, mice dosed with LPICG followed by
irradiation using the same conditions exhibited significant and
immediate damage to the tumor site with nearly complete
eradication of the mass after 16 days. The drastic and significant
difference m tumor nodule growth observed between LPICG-
PDT treatment group and control groups over the course of
54 days is illustrated in Fig. 6b. Mice administered with LPICG
and treated with laser irradiation were found to have the most
drastic effect on tumor growth retardation, which was statisti-
cally significant compared to FRICG and PBS control groups
with p <0.001 and <0.01, respectively. Furthermore, the irradi-
ated mice demonstrated very high treatment tolerability as
presented by minor fluctuations in total body mass compared
to the non-irradiated control groups throughout the study
(Fig. 6¢). At the terminal time-point, drastic differences in actual
size of excised tumors were observed between treatment and
control groups with significantly smaller volumes for LPICG-
PDT versus FRICG-PDT (Fig. 6d; p <0.01). Moreover, the
tumor masses were found to be much smaller for the liposomal
PDT group compared to PBS, PBS plus laser, and LPICG
alone control groups with p <0.001, <0.01, and <0.01, respec-
tively (Fig. 6d). A representative mouse from each subgroup is
also shown in Fig. 6¢ with clearly marked tumor regions to
visually demonstrate the differences in tumor growth. As illus-
trated by the image, the tumors on the mouse from LPICG-
PDT treatment group appear to have been completely eradi-
cated. Additionally, all tumor masses were excised at the com-
pletion of anti-tumor efficacy study on day 54 and imaged
(Fig. 6f). As depicted in the figure, two out of six original tumors
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in the LPICG-PDT treatment group were completely eradicat-
ed with the remaining four tumors drastically reduced 1n size as
compared to other groups.

Thus, the results from this study exhibited positive and
promising outcomes regarding the application of LPICG-
PDT for localized and effective treatment of TNBC, while
minimizing unwanted side effects and toxicities. Moreover,
with the increasing attention gained by NIR dyes in medical
imaging applications, the encapsulation of ICG in liposomes
offers great potential for image-guided delivery and real-time
biodistribution monitoring as demonstrated in our study.
Hence, this study contributed to developing and characteriz-
ing a targeted and theranostic-based liposomal formulation
capable of achieving both pharmacological effects and real-
time formulation monitoring.

CONCLUSIONS

It was observed that selective and localized PDT can achieve
tumor destruction @ viwo, while preventing damage to non-
tumorous tissue as demonstrated in a TNBC xenograft mu-
rine model. In summary, we demonstrated the potential of
using LPICG to improve the anti-tumor therapeutic efficacy
of PDT in tumor-bearing mice, with excellent tolerability and
possible tumor eradication. Our experiments confirmed that
significant cytotoxicity is obtained  vitro when LPICG is
stimulated by 808 nm laser light. Furthermore, we demon-
strated the pharmacokinetic enhancement of ICG via using a
liposome-based delivery approach. Additionally, it was shown
that irradiation of the liposomal formulation can induce ele-
vation of temperature both i vitro and in vivo, which may in
turn hold potential in achieving photothermal-mediated cyto-
toxic effects. Lastly, NIR fluorescence imaging and
biodistribution assessment exhibited enhanced tumor accu-
mulation using LPICG. Taken together these results provide
valuable insights into using nanocarrier-based photosensitizers
such as LPICG for improved anti-tumor PDT efficacy as well
as simultaneous real-time imaging.
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