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ABSTRACT: Indocyanine green (ICG) is a near-infrared (NIR)
imaging agent and is also an ideal light absorber for laser-mediated
photothermal therapy. This NIR dye could serve as a basis of a dual-
functional probe with integrated optical imaging and photothermal
therapy capabilities. However, applications of ICG remain limited
by its concentration-dependent aggregation, poor aqueous stability,
nonspecific binding to proteins and lack of target specificity. To
overcome these limitations, a novel ICG-containing nanostruc-
ture is designed utilizing the noncovalent self-assembly chem-
istry between phospholipid-polyethylene glycol (PL-PEG) and
ICG. The interactions between both amphiphilic ICG and PL-
PEG were studied using absorption and fluorescence spectroscopy. The properties of ICG-PL-PEG nanoprobe, such as absorption
and fluorescence spectra, stability, morphology and size distribution, were also investigated. Two representative targeting molecules,
namely, a small molecule, folic acid (FA), and a large protein, integrin 0,53 monoclonal antibody (mAb), were conjugated to the
surface of ICG-PL-PEG nanoprobe, displaying the diversity of ligand conjugation. The target specificity was confirmed using three
cell lines with different levels of available folate receptors (FRs) or integrin 0,33 expression via laser scanning confocal microscope
and flow cytometry. This targeting ICG-PL-PEG nanoprobe could be internalized into targeted cells via ligand—receptor mediated
endocytosis pathway. Our in vitro experiments showed that internalized ICG-PL-PEG could be used for cell imaging and selective
photothermal cell destruction. These results represent the first demonstration of the dual functionality of ICG-containing nano-
structure for targeted optical imaging and photothermal therapy of cancerous cells. This novel ICG-PL-PEG nanostructure, when
conjugated with other therapeutic and imaging agents, could become a multifunctional probe for cancer diagnosis and treatment.
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B INTRODUCTION binding to proteins and lack of target specificity, have limited the
applications of ICG. All these drawbacks lead to a fast degrada-
tion in aqueous media and quick clearance from the body with a
short half-life about 2—4 min."”~>° With such limitations, the use
of ICG in optical imaging and photothermal therapy, as well as in
molecular targeting, remains restricted. The utility of ICG for
laser-mediated diagnostic and therapeutic applications could be

Optical imaging probes that use near-infrared (NIR) fluoro-
phores offer several advantages over visible fluorophores, because
living tissues display negligible absorption and autofluorescence in
this NIR wavelength region."” Recently, photothermal therapy for
cancers has been widely investigated as a minimally invasive treat-
ment modality in comparison to other methods,>* and the use of - - ‘
NIR light in the 700 to 1100 nm range for the photothermal inter- greatly improved if ICG could pregfrentlally accumulate at a
action is particularly attractive’ ® Since both optical imaging targeted site in significant quantities.”” Optical diagnosis or pho-
and photothermal therapy require NIR probes, it is desirable to totherapy' requires extended' laser exp osure durations, up to
develop a dual-functional NIR probe. Indocyanine green (ICG) is several minutes. Therefore, it often requires several hours or
currently the only Federal Drug Administration approved NIR even days to accumulate significant concentrations of the photo-
clinical imaging agent® ! and is an ideal NIR light absorber for sensitive agent in the target site after a systemic administration.
laser-mediated photothermal therapy.'>~'® Therefore, ICG is a

suitable candidate for developing clinical NIR fluorescence imag- Received: ~ September 2, 2010
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There are two approaches in directing nanostructures to hy-
perproliferative tissues such as tumor or inflammation tissues: passive
targeting and active targeting. Passive targeting takes advantage of the
inherent size of nanostructures and the unique properties of tumor
vasculature such as the enhanced permeability and retention (EPR)
effect, where the endothelial walls of tumor vasculature are char-
acterized by enlarged pore size due to rapid angiogenesis and the
lymph system around tumor grows too slowly to exclude foreign
compounds from tumor region.”” > Active targeting, which is not
only limited to hyperproliferative tissues, involves a ligand—receptor
or antigen—antibody mediated endocytosis pathway.

It has been reported that nanostructures can improve the
molecular instability of ICG or prolong its plasma half-life. For
example, ICG-containing poly(lactic-co-glycolic acid) (PLGA)
nanoparticles (>300 nm)>**” and nanoparticle-assembled cap-
sules (NACs) (>400 nm)*®*>° showed increased stability and
plasma half-life. However, both of these ICG-containing nano-
particles lie in the upper limit of the EPR effect. Oil in water
emulsions containing ICG were found to show an increased blood
halflife, but the stability was not examined.>* Other inorganic
delivery systems using silica nanoparticles and calcium phosphate
nanoparticles have been developed, but these synthesis methods
either involved multiple processing steps or used toxic organic and
volatile solvents.>>*> Preparation of micelles using a solvent eva-
poration method or a simple aqueous-based preparation method
to encapsulate ICG was also investigated.**** The size of micelles,
approximately 10—100 nm, allows extravasation and permeation
into tissues and yet is small enou§h to avoid clearance by the
reticuloendothelial system (RES). 637 Prolonged circulation in
the bloodstream is necessary to achieve a passive accumulation in
tumors or sites of inflammation via the EPR effect. However, in
these micelle drug delivery systems, a large amount of surfactants
is required to stabilize and deliver a small amount of ICG, ac-
cording to a mass ratio of 1:4000 or 1:10000, which may lyse cell
membranes and denature proteins, and this approach therefore
is not useful in biological environments. In addition, all these
micelle carriers were based on the passive targeting approach,
lacking the active targeting effect and photothermal capabilities.

Phospholipid micelles have been introduced as novel lipid
based carriers for water insoluble drugs.**** The self-assembled
nanostructures of PEGylated phospholipids are attractive for
ICG delivery because of multiple reasons. (1) This system, being
composed of phospholipids and PEG, is biocompatible and
relatively nontoxic. Phospholipids are the major component of
cell membranes, and PEG has been approved for human use,
therefore both of them are safe to use in biological systems. (2)
As hydrophobic materials, phospholipid (PL) provides additional
stability, because the existence of two hydrocarbon chains con-
tributes considerably to the increased hydrophobic interactions, **
which, in principle, can solubilize and stabilize a large amount of
drug molecules per micelle. (3) The hydrophilic PEG surrounding
the micelle surface renders the micelle sterically stable, protecting it
from mononuclear phagocytic system (MPS) uptake and increas-
ing drug circulation time.*'~* (4) Both passive and active
targeting can be realized, which will greatly increase drug accumu-
lation in targeted tissues.

In this study, a novel ICG-containing nanostructure was
developed utilizing the noncovalent self-assembly chemistry be-
tween phospholipid-polyethylene glycol (PL-PEG) and ICG. It
takes only a few minutes for synthesis, and the processing occurs
at room temperature and mild pH values in aqueous phase. The
ICG within probes remains confined primarily to the network

of PL by van der Waals forces. The interactions between both
amphiphilic ICG and PL-PEG were studied using absorption and
fluorescence spectroscopy. The properties of ICG-PL-PEG
nanoprobe, such as absorption and fluorescence spectra, stability,
morphology and size distribution, were also investigated. Two
representative targeting molecules, namely, a small molecule,
folic acid (FA), and a large protein, integrin 0,33 monoclonal
antibody (mAb), were conjugated to the surface of the ICG-PL-
PEG nanoprobe, displaying the diversity of ligand conjugation.
The target specificity was confirmed using three cell lines with
different levels of available folate receptors or integrin 0,35 ex-
pression. This targeting ICG-PL-PEG nanoprobe could be inter-
nalized by targeted cells via ligand—receptor mediated endocy-
tosis pathway. Our in vitro experiments showed that internalized
ICG-PL-PEG could be used for cell imaging and selective photo-
thermal cell destruction. These results represent the first demon-
stration of the dual functionality of ICG-containing nanoprobe
for targeted optical imaging and selective photothermal therapy
of cancerous cells.

B EXPERIMENTAL SECTION

Chemicals and Reagents. The following chemicals and re-
agents were used in our experiments: 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino/carboxy (polyethylene glycol)
2000] (PL-PEG-NH,/COOH) (Avanti Polar Lipids Inc.,, Mt.
Eden, AL, USA), indocyanine green for injection (Dan Dong Yi
Chuang Company), CCK-8 (Dojindo Laboratories, Kumamoto,
Japan), folic acid (Sigma, St. Louis, MO, USA), folic acid (FA)
(Sigma, St. Louis, MO, USA), integrin 0,33 (23C6) monoclonal
antibody (integrin 0,53 mAb) (Santa Cruz, CA, USA), folate
receptor (FL-257) polyclonal antibody (Santa Cruz, CA, USA),
N-hydroxysulfosuccinimide (NHS) and 1-ethyl-3-(3-(dimethy-
lamino)propyl)carbodiimide (EDC) (Sigma-Aldrich Co). Since
all the reagents were of analytical grade, they were used without
further purification.

Preparation of ICG-PL-PEG Probe. The plain ICG-PL-PEG
probe without adding targeting molecules was prepared using
aqueous-based preparation method, in which PL-PEG was simply
added to the distilled water at room temperature. A stock solution
of ICG was also placed in distilled water. The probe was prepared
by mixing the ICG and PL-PEG according to the mass ratio 1:100.
The mixed solutions were stirred at room temperature for 5 min.
Before preparing targeting ICG-PL-PEG probe, the solution was
filtrated using 2000 Da filters (Millipore) to remove excess non-
binding ICG.

Preparation of Targeting ICG-PL-PEG Probe

Solution of PL-PEG-FA. FA solution was activated by EDC/
NHS to afford FA-NHS (molar ratio, FA:EDC:NHS = 1:1:1).
PL-PEG-FA was produced by incubating FA-NHS with PL-PEG-
NH, (molar ratio, FA-NHS: PL-PEG-NH, = 2:1) (pH 7.4) for
4 h. After reaction, the solution was filtrated using 2000 Da filters
(Millipore) to remove excess FA-NHS, EDC and NHS.

Solution of PL-PEG-mAb. PL-PEG-COOH solution was acti-
vated by EDC/NHS to afford PL-PEG-NHS (molar ratio, PL-
PEG:EDC:NHS = 1:2:2). After reaction, the solution was dialyzed
against PBS using a 2000 Da membrane (Millipore) to remove
excessive EDC and NHS. To ensure complete removal, the dialysis
lasted 3 to 4 days with frequent replacement of the PBS buffer. PL-
PEG-mAD was produced by incubating integrin 0,33 monoclonal
antibody with PL-PEG-NHS (molar ratio, PL-PEG-NHS:integrin
0,33 monoclonal antibody = 200:1) (pH 7.4) for 4 h.
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Figure 1. Absorption (A) and fluorescence (B) spectra of ICG and ICG-PL-PEG, respectively. Both peak absorption and peak emission of ICG-PL-
PEG were in the near-infrared region and experienced a slight red shift. The morphology and size distribution of ICG-PL-PEG probes were measured
using dynamic light scattering (DLS) (C) and transmission electron microscopy (TEM) imaging (D). The average diameter of the ICG-PL-PEG probe

was 17.6 nm.

Optical Spectra Measurements. The absorption spectra
of freely dissolved ICG and plain ICG-PL-PEG probe self-
assembled by PL-PEG and ICG were obtained using a UV/vis
spectrometer (Lambda 35, Perkin-Elmer, USA). Fluorescence
spectra were obtained using an LS-55 fluorescence spectro-
photometer (Perkin-Elmer, USA) with an excitation of 780 nm.

Dynamic Light Scattering (DLS) Measurement. The size
and size distribution of ICG-PL-PEG probes were measured by
dynamic light scattering (DLS) using a Malvern ZS90 equipped
with a 532 nm laser beam and a scattering angle of 90°. The
measurements were performed at 25 °C without further dilution
of the samples. For each sample, size distribution measurement
was performed for fifteen cycles per run.

Transmission Electron Microscopy (TEM). To further exam-
ine the morphology and size of the probe, a JEM-100CXII transmis-
sion electron microscope (TEM) with parameters of 100 kV voltage
and 70 pA current was used. The distribution of diameters was deter-
mined by using TEM images of at least one hundred probes.

FR+ Cell and FR— EMT6 Tumor Cells. Murine mammary
tumor line EMT6 cells were cultured in RPMI 1640 (GIBCO)
supplemented with 15% fetal bovine serum (FBS), penicillin
(100 units/mL), and streptomycin (100 #g/mL) in 5% CO,,
95% air at 37 °C in a humidified incubator. FR+ EMT6 cells
were obtained by passaging the cells for at least four times in the
FA-free medium before use to ensure all FRs were available on
the surface of the cells. FR— cells were harvested by culturing
cells in medium with abundant FA to reduce the available free
FRs on the cell surfaces.”® These procedures ensured a very high
level of available FRs on the FR+ cells and a very low level of
available FRs on the FR— cells.

449

U87-MG Cell and MCF-7 Cell. U87-MG human glioblastoma
cancer cells and MCF-7 human breast cancer cells were cultured
in Bagle’s minimal essential medium (EMEM) and Dulbecco’s
modified Eagle’s medium (DMEM), respectively. The media
were supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin in 5% CO,, 95% air at 37 °C in a humi-
dified incubator. U87-MG cancer cells overexpress integrin 0,33
on the cell surface while MCF-7 cancer cells express a very low
level of integrin @, W

Selective Imaging of Cancer Cells. Different types of cancer
cells (1 x 10* per well) growing in 35 mm Petri dishes were incu-
bated with the targeting ICG-PL-PEG probe solution at 0.01 mg/
mL ICG (mass ratio ICG:PL-PEG = 1:100) for 1 h, rinsed with
PBS and replaced with fresh cell medium. The cells were imaged by
a commercial laser scanning microscope (LSM 510/ConfoCor 2)
combination system (Zeiss, Jena, Germany) equipped with a Plan-
Neofluar 40 /1.3 NA Oil DIC objective. The targeting probe was
excited at 633 nm, and its fluorescence emission was recorded
through an LP650 nm filter.

Quantification of Fluorescence Intensity. To quantita-
tively assess fluorescence intensity, tumor cells were incubated
with targeting probe solution in a 12-well microplate for 1 h, rinsed
with PBS and then harvested with trypsin. Different types of cells
were washed and resuspended in ice-cold PBS. The fluorescence
histogram of cells in different treatments was obtained from 10,000
cells by flow cytometry (Becton Dickinson FACScan).

Temperature Measurement and Selective Killing of Can-
cer Cells during NIR Irradiation. ICG-PL-PEG solution of
different concentrations was irradiated by the 808 nm laser at
1.25 W/cm?. Temperature was measured in 10 s intervals with a

dx.doi.org/10.1021/mp100301t [Mol. Pharmaceutics 2011, 8, 447-456



Molecular Pharmaceutics

A)
0.30 -
—=—0day |CG stored at room temperature
025 ° 5 days
— 7 —+—10 days
=] 020d T 20 days
S <«— 40 days
o
O 0.15
c
©
£ 0.0
[}
2
< 09051
650 700 750 800 850
0)) Wavelength (nm)
70 ICG —=—0 day
604 —o— 5 days
——10 days
50 P’ﬂ/“ v— 20days
404

Intensity

20

E)
035 ICG » Hy0
»
0.304 v « PBS
—_ A+ Cell medium
. A
S 0254y “ « ¥ v Serum
© v AA A
N
o 0204 F T 1
o A ﬁ
c A L A n X
& 0154 A o
2 A X
r= A 1 |
O 0.10 IR *
2 A
< 0.05-
0.00

500 600 700 800 900 1000
Wavelength (nm)

Absorbance (a.u.)

Absorbance (a.u.)

B)
0.30+ ICG-PL-PEG
—=— 0 day
stored at room temperature
025{ = S5days
——10 days
0.204 —— 20 days
<40 days
0.15
0.10
0.05
0.00 T T T T )
650 700 750 800 850
D) Wavelength (nm)
70+ ICG-PL-PEG —=—0day
—— 5 days
501 ——10 days
50 - —v— 20days

Intensity
8

790 8(|)0 8'i 0 séo 85;0 8:40 850
Wavelength (nm)

F)
0.35+ ICG-PL-PEG = Hy0
0.30 « PBS
] 4 Cell medium
. 5 v Serum

500 600 700 800 900 1000
Wavelength (nm)

Figure 2. Absorption and fluorescence spectra of ICG (A and C) and ICG-PL-PEG probe (B and D) at different times. Absorption spectra of ICG
(E) and ICG-PL-PEG (F) probe in four different biorelevant solvents. The results demonstrated the probe had a high stability compared to freely

dissolved ICG.

thermocouple placed inside the solution for a total of 2 min. The
thermocouple was placed outside the path of the laser beam to
avoid direct exposure of the thermocouple to the laser light.

Different types of cancer cells (1 x 10* per well) growing in
35 mm Petri dishes were incubated with the targeting ICG-PL-
PEG probe solution at 0.01 mg/mL ICG (mass ratio ICG:PL-
PEG = 1:100) for 1 h, rinsed with PBS and replaced with fresh
cell medium. Then all cancer cells were exposed to light at a flu-
ence of 1.25 W/cm” for § min. After being cultured for another
4 h, different types of cancer cells were observed using an optical
microscope.

Quantification of Photothermal Effect. To quantitatively
assess photothermal cytotoxicity, tumor cells were incubated

with targeting probe solution in a 96-well microplate for 1 h and
rinsed with PBS. Different laser irradiation power densities were
obtained by changing the output power with a fixed laser spot.
Tumor cells were irradiated with a power density ranging from
0.75 to 3.25 W/cm” for 5 min. Cell cytotoxicity was assessed 12 h
after the laser irradiation with CCK-8. OD450, the absorbance
value at 450 nm, was read with a 96-well plate reader (INFINITE
M200, Tecan, Switzerland), to determine the viability of the cells.

B RESULTS

Characterization of Freely Dissolved ICG and ICG-PL-PEG
Probe. To analyze the optical properties of freely dissolved ICG
and ICG-PL-PEG probe, 5 mg/L ICG was used for both

dx.doi.org/10.1021/mp100301t [Mol. Pharmaceutics 2011, 8, 447-456
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Figure 3. (A) Confocal images and (B) fluorescence histograms of EMT6 cells after incubation in a solution of the targeting ICG-PL-PEG probe
conjugated with FA under different treatments (abbreviated as ICG-FA). FR+ EMT6 cells were obtained by passaging the cells for at least four times
in the FA-free medium before use to ensure all FRs were available on the surface of the cells. FR— cells were harvested by culturing cells in medium
with abundant FA to reduce the available free FRs on the cell surfaces. (C) Confocal images and (D) fluorescence histograms of integrin positive cells
(U87-MG) and integrin negative cells (MCF-7) after incubation in a solution of the targeting ICG-PL-PEG probe conjugated with integrin 0,35 mAb

under different treatments (abbreviated as ICG-mAb). Bar: 10 ym.

solutions, at which no quenching effect of the dye occurred. The
required PL-PEG concentration was determined as 0.5 mg/mL
by absorption and fluorescence spectra, at which no more shifts
in the peak absorption and peak emission occurred. At the same
time, there was no fluorescence quenching. The mass ratio of
ICG and PL-PEG was 1:100. At this concentration, PL-PEG as a
typical amphiphilic molecule was found to form polymeric mi-
celles in an aqueous environment. Compared to freely dissolved
ICG, the absorption and emission spectra of the ICG-PL-PEG
probe were red-shifted by approximately 20 nm and 15 nm,
respectively (Figure 1A and Figure 1B). The average diameter of
the ICG-PL-PEG probe was 17.6 nm, which was demonstrated
both by dynamic light scattering and by transmission electron
microscopy (Figure 1C and Figure 1D).

Stability of Freely Dissolved ICG and ICG-PL-PEG Probe.
To determine whether the probe had a higher stability than freely
dissolved ICG, absorption spectra of the ICG and ICG-PL-PEG
probe were measured at different times and in different aqueous
solutions. The samples were maintained at 4 °C (data not shown)
and room temperature without light exposure. We measured the
absorbance of the samples continuously until freely dissolved
ICG was almost completely degraded (Figure 2A). However,
the ICG-PL-PEG probe only experienced a slight reduction of
absorbance after 40 days (Figure 2B). Similarly, the emission
intensity of aqueous ICG completely vanished after 20 days
(Figure 2C) while slight reduction in fluorescence intensity of
the PL-PEG-ICG probe was observed (Figure 2D). These two

451

experiments fully demonstrated the stability of the ICG-PL-PEG
probe.

In order to further determine whether the probe could have a
higher stability against buffer conditions than ICG, we measured
the absorption spectra of freely dissolved ICG and the ICG-PL-
PEG probe in four different biorelevant solvents: H,O, phos-
phate buffered solution (PBS), DMEM cell medium, and serum.
The spectrum of freely dissolved ICG changed greatly in dif-
ferent media (Figure 2E) while the absorption spectrum of the
ICG-PL-PEG probe showed no apparent change in any of the
four biorelevant media (Figure 2F).

Selective Imaging of Cancer Cells with Targeting ICG-PL-
PEG Probe. To examine the characteristics of the probe as a
cancer-targeting fluorescent probe, optical imaging experiments
were performed. In order to target cancer cells, FA or mAb was
used with different cell lines. The FR positive EMT6 cells (FR+
cells), with all available folate receptors (FRs) on cell surface, and
the FR negative EMT6 cells (FR— cells), with few available FRs,
were used. U87-MG cells with overexpressed integrin 0,33 and
MCEF-7 cells with few integrin 0,33 were also used. The results
showed that, in the cell lines with excessive receptors, such as FRs
(Figure 3A) and integrin 0,33 (Figure 3C), the fluorescence
intensity of ICG was much higher than that in the cell lines with
few receptors on the surface. In order to further confirm the
target specificity, blocking experiments by adding receptors dir-
ected antibodies (Ab) with the targeting probes to the cell solu-
tions were conducted. The fluorescence intensity of FR+ cells in

dx.doi.org/10.1021/mp100301t [Mol. Pharmaceutics 2011, 8, 447-456
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no-blocking, competition-blocking (the Ab and targeting probes
were added simultaneously) and preblocking settings showed a
gradient of decrease (Figure 3A). Such decrease was further de-
monstrated by fluorescence histograms obtained by flow cyto-
metry (Figure 3B). In the preblocking setting, the fluorescence
intensity was almost the same as that of FR— cells (cultured with
abundant FA to remove all available FRs), and was only slightly
higher than that of the control groups (without incubation with
targeting probe solution). The similar results were obtained in
the integrin experiments (Figure 3C and Figure 3D).

It is believed that targeting probe was mainly internalized into
cells via ligand—receptor or antigen—antibody mediated endo-
cytosis pathway. To further confirm this hypothesis, we observed
the interactions of targeting probe with integrin positive cells
(U87-MG) and integrin negative cells (MCF-7). Before being
washed by PBS, the fluorescence emission from the U87-MG
cells indicated the uptake of the targeting probe; however, the
fluorescence emission from only the surface of MCF-7 cells indicated
the absence of uptake of the targeting probe (Figure 4A). After
being washed by PBS, the fluorescence emission from U87-MG
cells remained the same, while the fluorescence emission from
the surface of MCF-7 cells disappeared (Figure 4B). Endocytosis
is usually prohibited when incubations are carried out at low
temperature (4 °C instead of 37 °C) or in ATP (adenosine tri-
phosphate) depleted environments such as pretreated with

NaN;.*** In our experiments, U87-MG cells were incubated
with the targeting probe at 37 °C or 4 °C, or pretreated with
NaNj; (10 mM) at 37 °C. The fluorescence images of the cells
after these different treatments were acquired (Figure 4C). Appa-
rently, these images demonstrated that the incubation at 4 °C
and pretreatment with NaNj3 at 37 °C both inhibited the endo-
cytosis pathway. These two experiments confirmed our hypoth-
esis of the endocytosis mechanism.

Selective Killing of Cancer Cells with Targeting ICG-PL-
PEG Probe. For photothermal treatment of cancer cells, we
measured the temperature increase in ICG-PL-PEG solutions
of different concentrations. At an irradiation power density of
1.25 W/cm?, the temperature increased rapidly in the first 30 s
and gradually reached a plateau after 1 min (Figure SA). In the
absence of ICG-PL-PEG probe, the temperature only increased
by 2—3 °C, indicating that laser irradiation at this power density
caused minimal thermal effect. In the presence of 0.0005 mg/mL
ICG (0.65 uM), the temperature increased by S—10 °C. Such a
change could increase temperature from 37 °C to >42 °C,
leading to an irreversible damage to cells.

To examine the characteristics of the targeting probe as a
specific photothermal therapy probe, an optical microscope was
used. Cancer cells were incubated with the targeting probe solu-
tion for 1 h, washed and then irradiated with an 808 nm laser at
1.25 W/cm? for 5 min. After irradiation, extensive cell death was
observed only in the targeted cancer cells (FR+ EMT6 cells and
U87-MG cells), evidenced by drastic cell morphology changes
(Figure SB, right column), but the cells without incubating
with the targeting probe remained intact under laser irradiation
(Figure SB, left column). FR— EMT6 cells cells and MCF-7
cells with few available FR or integrin @33 expressions had
no apparent change under these two treatments.

Under a laser influence of 1.25 W/cm? for S min, the viability
of FR— cells treated by the targeting probe solution showed no
apparent change compared to control, but the viability of FR+
cancer cells decreased by 25—40%. No apparent decrease of cell
viability was observed when cells were treated by the targeting
probe without laser irradiation or treated only by the laser. These
results suggested that FR+ cancer cells could selectively inter-
nalize the targeting probe and could be selectively killed by irra-
diation by the 808 nm laser while FR— cells were not affected by
the targeting ICG-PL-PEG probe. Similar results were obtained
in integrin 0,35 experiments; however, cell viability of U87-MG
cancer cells decreased by 35—55%.

To study thermal toxicity, tumor cells were irradiated by laser
with a power density ranging from 0.75 to 3.25 W/cm” with or
without the presence of the probe. For all cases, cells retained
their viability when irradiated by laser alone. When ICG-PL-PEG
was used, cell viability decreased significantly under laser irradia-
tion, as shown in Figure SD. A 75% cell lethality was reached with
a power density of 2.75 W/cm” and 2.25 W/cm® on FR+ cells
and U87-MG cells, respectively. This minor difference may be
due to different amounts of targeting probes internalized into
cancer cells and due to different heat resistances between FR+
and U87-MG cells.

l DISCUSSION

Concentration-dependent aggregation is a well-known phe-
nomenon for ICG in aqueous solution. The amphiphilic character
of ICG leads to self-organization into highly ordered aggregates
predominantlgr caused by van der Waals forces and hydrophobic
interactions.'’ The dye—dye interactions have adverse effects

dx.doi.org/10.1021/mp100301t [Mol. Pharmaceutics 2011, 8, 447-456
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Figure S. (A) Temperature increase in ICG-PL-PEG solutions of different concentrations under laser irradiation. (B) Optical images
of different cancer cells under different treatments. FR+ EMT6 cells and U87-MG cells remained unharmed under laser irradiation
(808 nm laser at 1.25 W/cm?> for 5 min) without probe (left column). Extensive cell death was observed under laser irradiation after
tumor cells were incubated with targeting ICG-PL-PEG probe (right column). FR— EMT6 cells and MCF-7 cells with few available
FRs or integrin @33 had no apparent change under these two treatments. (C) Quantification of photothermal effect on cancer cell killing
under different treatments. Only targeted cancer cells showed an apparent decrease of viability. Bars, means = SD (n = 6). (D) Cell
viability of target cells was assessed after NIR laser irradiation with different irradiation power densities for 5 min. Bars, means £ SD

(n=4).

453 dx.doi.org/10.1021/mp100301t [Mol. Pharmaceutics 2011, 8, 447-456



Molecular Pharmaceutics

@ Indocyanine green
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Figure 6. (A) Self-assembly process of ICG-PL-PEG probe. (B) Targeted modification of ICG-PL-PEG probe. FA or mAb was linked on the surface via
amidation reaction. EDC: 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide. NHS: N-hydroxysulfosuccinimide.

on the optical properties, such as lower quantum yields due to
self—quenchin§ and spectral changes due to forming dimers or
J-aggregates.® In our experiment, the ratio of monomer to dimer
in ICG solution was respectively 1.5 and 1.1 at concentrations of
0.02 mg/mL and 0.05 mg/mL. After adding PL-PEG according
to the mass ratio of 1:100, the ratio of monomer to dimer
changed to 2.5 and 2.0 respectively at the same ICG concentra-
tion, indicating that the noncovalent binding between ICG and
PL-PEG was a strong competition to self-aggregation between
ICG and ICG. It is hypothesized that, due to the existence of two
fatty acid acyls, PL-PEG contributes considerably to an increase
in the van der Waals forces and hydrophobic interactions, which
surpass the interactions between ICG itself. The binding site of
ICG and PL-PEG is the PL portion, because the interactions
between PL-PEG-COOH and PL-PEG-NH, have similar results.
Furthermore, binding with PL has been reported'”'*** and
some experiments have demonstrated that, in human blood,
most of ICG would bind to high-density lipoprotein (HDL) and
low-density lipoprotein (LDL) due to the same lipid compo-
nents. Experiments further demonstrated that, when aqueous
ICG was mixed with different types of lipids existing in human
plasma, such as free cholesterol, esterified cholesterol, triacylgly-
cerol, and phospholipid (PL), almost all ICG would bind to PL."”

Previous studies showed that stability of ICG encapsulated in
various carriers can be increased,”**”*° but only up to a period of
3—S days. Use of a micelle system allowed a higher stability to be
obtained,***>*” among which encapsulation within Solutol HS
15 micelles preserved the initial absorbance of ICG even at room
temperature after 4 weeks, which demonstrated a superior stabiliza-
tion. However, in this micelle system, to stabilize a certain amount
of ICG, alarge amount of HS 15 was used, about 1:10000 according
to mass ratio, which may lyse cell membranes and denature pro-
teins. The investigations in the present study exhibited similar
stability as encapsulation within Solutol HS 15 micelles, but
the mass ratio was only 1:100. Therefore it greatly decreased the
amount of polymer molecules. Comparing the chemical struc-
ture of Solutol HS 15 and PL, PL has two fatty acid acyls while
Solutol HS 15 has one. However, to stabilize the same amount of
ICG, the amount of PL-PEG required is only 1/100 of Solutol
HS 15. It is apparent that the two chains of the fatty acid acyls
significantly increased the van der Waals force between ICG and
PL-PEG and enhanced the hydrophobicity. Such strong binding
resulted in the stability of ICG in the nanocarriers like PL-PEG.

Targeted conjugates that employ cell type-specific binding
by ligand—receptor or antibody—antigen recognition provide

higher selectivity. However, when ICG was directly attached to
monoclonal antibody (mAb) via hydrophobic interactions or
van der Waals force, ICG dramatically lost its fluorescence.*®
Some targeting ligands with a low molecular weight such as FA
cannot be directly attached to ICG due to its amphiphilicity and
lack of functional groups. However, ICG-PL-PEG nanostructure
can be surface-modified with either a small molecule (such as
folic acid) or a large protein (such as integrin @33 monoclonal
antibody). Furthermore, the use of a certain amount of targeting
molecules does not affect the integrity and properties of ICG-PL-
PEG nanoprobe. Selectively imaging and photothermal therapy
of cancer cells can be realized using this novel ICG-PL-PEG
nanoprobe.

Based on the characteristics of ICG-PL-PEG, it is expected
that the self-assembly process of this probe follows the scheme
outlined in Figure 6. In summary, noncovalent binding between
ICG and PL-PEG was a strong competition to self-aggregation
between ICG and ICG due to the existence of two fatty acid acyls.
PL-PEG as a typical amphiphilic molecule was found to form
polymeric micelles in aqueous environment. All these were self-
assembly processes. Then targeting molecules such as FA or mAb
were linked at the terminal of PEG by amidation reaction. Based
on this novel ICG-PL-PEG nanostructure, a multifunctional
probe for cancer diagnosis and treatment could be developed
when conjugated with other therapeutic and imaging agents.

The development of dual-functional even multifunctional
probes is necessary in treating cancers, and it has been attracting
more and more attention in recent years. Coupling a biomedical
imaging application to a cancer therapy application would poten-
tially yield significant effect on cancer treatment. Gold nanorod
and nanoshell integrated dark-field light scattering imaging and
photothermal therapy have been investigated.”” Single walled
carbon nanotubes have also been investigated as near-infrared
agents for fluorescence imaging and cancer cell destruction.**"
According to the parameter of optical absorption divided by
weight, ICG is 7 times more efficient than SWNTSs and ~8500
times more efficient than commercial gold nanorods with a peak
absorption at 780 nm.>* Previous studies showed that, by in situ
injection method, near-infrared laser irradiation conjugated with
ICG can cause apparent photothermal interaction with tumor
tissues and achieve a significant inhibition on tumor growth.'>~'¢
It is expected that early diagnosis and treatment of cancers can
be achieved using ICG-PL-PEG nanoprobe, which is based
on greatly improving the efficiency of both passive and active
targeting.
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ICG-PL-PEG can be used as an agent to monitor the effect of
photothermal treatment, and it can also be a basis for development
of multifunctional probes after being conjugated with other imaging
and therapy agents such as magnetic beads or chemotherapy drugs.

Il CONCLUSION

In summary, we have reported a novel ICG-PL-PEG probe
with several unique features. It has a highly stable structure and
functionality in light absorption and fluorescence. Furthermore,
its absorption and emission peaks are in the NIR range. Its
components are nontoxic. Further modification of this probe
with targeting agents can render it a great potential for optical
imaging and selective phototherapy.
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