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ABSTRACT OF THE DISSERTATION

Indocyanine Green Loaded Nanoconstructs for Optical Imaging and Phototherapeutic
Applications

by

Baharak Bahmani

Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, August 2013
Dr. Bahman Anvari, Chairperson

Development of theranostic nano-constructs may enable diagnosis and treatment of
diseases at high spatial resolution. Optically active nanoparticles are widely pursued as
exogenous chromophores in diagnostic imaging and phototherapeutic applications.
However, the blood circulation time of nanoparticles remains limited due to the rapid
clearance of the nanoparticles by reticuloendothelial system (RES). Coating with
Polyethylene glycol (PEG) is a strategy to extend the circulation time of nanoparticles.
Here, we report PEGylation of polymeric-based nanocapsules loaded with Indocyanine
green (ICG) and effect of PEG’s molecular weight on the uptake of these nanocapsules
by human spleen macrophages and hepatocytes using flow cytometry. To characterize the
biodistribution of the constructs, we performed in vivo quantitative fluorescence imaging
in mice and subsequently analyzed the various extracted organs. Our results suggest that

encapsulation of ICG in these PEGylated constructs is an effective approach to prolong



the circulation time of ICG and delay its hepatic accumulation. Increased bioavailability
of ICG, offers the potential of extending the clinical applications of ICG. Targeted
delivery of therapeutic and imaging agents using surface modified nanovectors has been
explored immensely in recent years. The growing demand for site-specific and efficient
delivery of nanovectors entails stable surface conjugation of targeting moieties. Our ICG-
loaded polymeric nanocapsules (ICG-NCs) have potential for covalent coupling of
various targeting moieties and materials due to presence of amine groups on the surface.
Here, we covalently bioconjugate PEG-coated ICG-NCs with monoclonal anti- HER2
through reductive amination-mediated procedures. The targeting abilities of HER2
functionalized ICG-NCs toward ovarian cancer was investigated in-vitro. Since these
functionalized nanoconstructs have potential applications in laser-induced
photodestruction of ovarian cancer cells, we studies NIR laser induced phototherapy of
ovarian cancer cells in-vitro. Other than polymeric theranostic nano-constructs, here we
demonstrate the first successful engineering of hybrid nano-scale constructs derived from
membranes of hemoglobin-depleted erythrocytes that encapsulate ICG. We show the
utility of the constructs as photo-theranostic agents in fluorescence imaging and
photothermal destruction of human cells. These erythrocyte-mimicking nano-structures
can be derived autologously, and may have broad applications in personal nanomedicine
ranging from imaging and photo-destruction of cancerous tissues to vascular

abnormalities, and longitudinal evaluations of therapeutic interventions.
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NETs (right panel) at 37 °C and 5% CO; in dark. A Mercury/Xenon arc lamp was
used for photo-excitation at 740 = 35 nm. Cells nuclei were stained by DAPI, and
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. The volume of all samples was 120 ul. The free ICG solution and NETs
suspension samples were prepared to have nearly the same absorbance value of 0.6
at 808 nm. Temperatures were measured using a thermistor placed 2 mm outside the
irradiated spot. ¢, Fluorescent images of HDME cells after three hours of incubation
with PBS (negative control), 13 uM free ICG (positive control) and NETs, followed
by laser irradiation (A=808 nm, o = of 19.7 Wecm™).The radiant exposure time in
all three samples was 200 s. The volume of NETs suspension or free ICG added to
the cells was 200 pl with nearly the same absorbance value of 0.6 at 808 nm. Live
cells were stained using Calcein, and falsely colored in green. Dead cells were
distinguished using Ethidium homodimer-1 (EthD-1), and falsely colored in red
(Scale bars =10 um). d, Percentage of HDME cells photothermally destroyed by
NETs as assessed by a fluorescence microplate reader. Three different spots (each
spot diameter = 2.2 mm) were irradiated in each well, resulting in irradiation of =

80% of cells. Scale bars on both panels correspond to 10 pum. The scale bar, 0-
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54354, corresponds to the NIR fluorescent emission intensity for both panels. The
inset on the left panel represents the same image shown on the panel at the scale of
0-6565. b, Absorbance spectra of four different PBS-suspended NETs samples (each
120 pl) following laser irradiation for various durations (60, 90, 140, and 200 s) at
808 nm and Io = 19.7 W/cm®. Each bar represents the mean fraction of the dead cells
for three different wells. Error bars correspond to single standard deviations. There
was a statistically significant difference in fraction of cells photothermally destroyed
by NETs (identified by the asterisk) as compared to those incubated in PBS or free
ICG (D-VAIUE SLO™ ).t 96
Figure 30 Temperature measurements in response cyclic 808 nm laser irradiation.
Samples (120 pul) of PBS solution without any additional reagents (negative control),
containing 13 uM free ICG (positive control), or NETs were irradiated at 1, = 19.7
W/em?. Temperatures were measured using a thermistor placed 2 mm outside the
2.2 mm irradiated spot (2.2 diameter). Samples were irradiated for 60 seconds,
followed by 30 seconds of no irradiation. Irradiation cycle was repeated five times.
Solid arrows point to illustrative times when laser irradiation was turned on. Dotted
arrow points to an illustrative time when laser irradiation was turned off. .............. 99
Figure 31 Cytotoxicity assessment of NETs. a, Percentage of live cells post incubation
with NETs for 3 hours (solid green bar) and 24 hours (dashed green bar). Cells
incubated with culture medium for 24 hours without any additional reagent were
used as the positive control population. Cells incubated with 100 ul methanol for 24

hours were used as negative control. Each bar represents the mean fraction of the
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live cells for three different wells. Error bars correspond to single standard
deviations. Statistical analysis of the results for NETs (3 hours) compared to positive
control yielded no significant difference in cell viability. Cells treated with methanol
(negative control) and NETs for 24 hours (identified by asterisks) yielded
statistically significant viability results as compared to the positive control
population (p-value<10~). Fraction of the viable cells treated with NETs for 24
hours was significantly higher than those treated with methanol (p-value<10¥). b,
Fluorescent images of HDME cells 24 hours post incubation with NETs (right
panel) and culture medium (positive control) (right panel). Live cells were stained
using Calcein, and falsely colored in green. Dead cells were distinguished using

Ethidium homodimer-1 (EthD-1), and falsely colored in red (Scale bars =100 pum).
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CHAPTER 1: INTRODUCTION

Nano-carriers containing near-infrared (NIR) exogenous chromophores are
currently under investigation for use as site- specific and sensitive optical imaging
probes, and in phototherapeutic applications. Some major advantages of utilizing NIR
optical probes are that: 1) the light in this spectral bandwidth (700-1000 nm) is absorbed
less by water and proteins in biological tissue; allowing for deeper light penetration
(several centimeters) into the tissue; and 2) the exogenous chromophore increases the

signal to background ratio by overcoming the tissue autofluorescence.

Indocyanine green (ICG) is the only NIR exogenous chromophore approved by
Food and Drug Administration (FDA), and used for assessment of hepatic function and
cardiac output measurement.' However, circulating ICG in plasma binds to albumin and
high-density lipoproteins (HDLs) such as alpha-1lipoprotein resulting in short vascular
circulation time and exclusive clearance by liver.*” Encapsulation of ICG in various
constructs has been extensively studied to: (1) enhance optical and thermal stability of
ICG; (2) to reduce non-specific protein binding to ICG; and (3) to prolong vascular half-
life of ICG.*' Our group has previously reported on encapsulation of ICG into

polymeric nanocapsules.''™

One main challenge associated with all types of nanoparticles in blood stream is
phagocytosis by cells of the reticuloendothelial system (RES). This non-specific

recognition of nanoparticles by RES is facilitated through opsonization.'”" Diminishing



protein adsorption to the surface of nanoparticles can minimize the interaction with RES
cells. Grafting Polyethylene glycol (PEG) on the surface of various types of nanoparticles

is a strategy to reduce phagocytosis.”*

The second chapter of this thesis describes studies to assess effect of PEGylation
on uptake of ICG-loaded nanocapsules by cells or RES, in particular human macrophages
and hepatocytes. Using optical absorbance spectroscopy and flow cytometry, we
investigate the effect of molecular weight (MW) of PEG [5000 and 30,000 Daltons (Da)]
on the phagocytic content of human spleen macrophages incubated with ICG- containing
nanocapsules (ICG-NCs) between 15 to 360 min. We also study the interaction of
PEGylated ICG-NCs with human hepatocytes in-vitro. Our results indicate that surface
coating with PEG is an effective method to reduce the phagocytic content of ICG-NCs
within macrophages for at least up to 360 min of incubation time. Coating the surface of
ICG-NCs with the low MW PEG results in lower phagocytic content of ICG-NCs within
macrophages for at least up to 60 min of incubation time as compared to ICG-NCs coated
with the high MW PEG. Surface coating of ICG-NCs with PEG is a promising approach
to prolong vasculature circulation time of ICG for NIR imaging and phototherapeutic
applications.

In chapter 3, we focus on biodistribution of PEGylated ICG-NCs in healthy mice
using quantitative fluorescence imaging and analysis of organs. Motivated by results of
our previous in-vitro studies, in the study reported here, we extended our investigations to
evaluate the effectiveness of encapsulation and coating the surface of ICG-NCs with 5

KDa PEG in extending the circulation time of ICG and to investigate the utility of these



ICG-NCs for in vivo quantitative fluorescence imaging. We compare biodistribution of
PEGylated ICG-NCs with non-coated ICG-NCs and freely dissolved ICG in PBS up to
one hour post-injection. Our results suggest that encapsulation of ICG in these PEGylated
constructs is an effective approach to prolong the circulation time of ICG and delay its
hepatic accumulation. Increased bioavailability of ICG, due to encapsulation, offers the
potential of extending the clinical applications of ICG, which are currently limited due to
rapid elimination of ICG from the vasculature. Our results also indicate that PAH and
ICG-doped nanocapsules (ICG-NCs) are not cytotoxic at the levels used in this study.
Ovarian cancer is the leading cause of cancer-related death among all types of
gynecological cancer.” Detection of ovarian cancer in early stages has remained a great
challenge. Additionally, for patients diagnosed at advanced stages of the disease, the
effectiveness of the therapy including cytoreduction surgery or complete removal of
ovaries followed by chemotherapy, depends on successful removal of tumor masses
specially the very small ones.”* Unfortunately, visualization of very small tumor masses
(<3 mm in diameter) utilizing CT, CT/PET, MRI or visual inspection is very difficult.
One approach to enhance visualization of small tumor deposits is to use targeted
fluorescence imaging probes.*

Chapter 4 describes surface functionalization of ICG-NCs for targeted fluorescent
imaging and laser-mediated phototherapy of ovarian cancer. Here, we investigate the
effectiveness of ICG loaded nanoparticles (ICG-NCs) functionalized with anti-HER2 for
targeted fluorescent imaging and laser-mediated photodestruction of ovarian cancer cells

in vitro. The monoclonal anti-HER2 antibody is conjugated to the surface of



nanoparticles using double aldehyde terminated polyethylene glycol (PEG) chains as
linker through reductive amination procedure. We study targeted imaging of two different
ovarian cancer cell line, SKOV3 and OVCAR3, using fluorescent confocal microscopy
and flow cytometry. The laser-mediated photodestruction ability of nanoparticles is
investigated using and 808 nm continuous laser. Our results suggest that the anti-HER2
functionalized nanoparticles can actively target ovarian cancer cells, which is
successfully demonstrated by both fluorescent confocal microcopy and flow cytometry.
Post-targeting ovarian cancer cells, theses nanoconstructs can cause photothermal
damage to the cells mediated by NIR laser irradiation.

In chapter 5, we demonstrate the first successful engineering of hybrid nano-scale
constructs derived from membranes of hemoglobin-depleted erythrocytes that
encapsulate the near infrared chromophore, indocyanine green. We show the utility of the
constructs as photo-theranostic agents in fluorescence imaging and photothermal
destruction of human cells. These erythrocyte-mimicking nano-structures can be derived
autologously, and may have broad applications in personal nanomedicine ranging from
imaging and photo-destruction of cancerous tissues to vascular abnormalities, and
longitudinal evaluations of therapeutic interventions.

In Summary, the studies described here show the polymeric nanocapsules loaded
with ICG have potential for optical diagnostic and therapeutic applications. In particular,
when functionalized with monoclonal anti-HER2, can successfully target ovarian cancer
cells and photothermally damage these cells. Such functionalized nanoconstructs can be

used intraoperatively for diagnostic and laser-mediated phototherapy of ovarian cancer.



Moreover, we report the first proof-of-principle to demonstrate the successful
engineering of ICG-loaded nano-sized vesicles derived from erythrocyte ghosts, and their
utility as photo-theranostic agents for fluorescence imaging and photothermal destruction

of cells.



CHAPTER 2: Effect of Polyethylene Glycol Coatings on
Uptake of Indocyanine Green Loaded Nanocapsules by Cells of

Reticuloendothelial System (RES) In-Vitro

2.1 INTRODUCTION

The ability to detect and visualize tissue and vascular malformations constitutes a
fundamentally crucial step for early diagnosis of disease, selecting an appropriate
therapeutic approach, and monitoring the effectiveness of the therapy. For example, early
and accurate tumor detection is the first step towards diagnosis, treatment, and clinical
management of cancer. Development of highly sensitive probes with high specificity that
would enable diagnosis of pre-malignant lesions and early stage tumors remains as one of
the great challenges of oncology. Recent advances in extreme miniaturization to the
nano-scale now provide the technological basis and potential for the development of
nano-sized materials that may enable early diagnosis and treatment of a wide range of
diseases such as cancer at cellular and molecular levels. In recent years, such nano-
materials have been studied for their utilities in imaging of tissue abnormalities including
cancerous cells, and delivering therapeutic drugs.”®?

Near-infrared (NIR) fluorescence imaging using exogenous chromophores with
sizes on the nano-scale has been gaining increased attention as an enabling technology
with highly sensitive and target specific capabilities.”” > The use of NIR wavelengths is

particularly advantages in that there is relatively deep optical penetration and emission

(on the order of several centimeters) over this spectral bandwidth with minimal



autofluorescence. Additionally, utilization of NIR wavelengths in combination with
nano-scale optical contrast agents can provide a methodology for subcellular and
molecular imaging.

Indocyanine green (ICG) is a cyanine NIR dye approved by United States Food
and Drug Administration (FDA) for assessment of cardiac output, hepatic function and
ophthalmological vascular imaging.' Additionally, ICG has been studied for potential

phototherapeutic applications including photothermal destruction of tumors and
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photocoagulation of blood vessels, treatment of skin disorders, and as a sensitizer

for photodynamic therapy (PDT) of cancer.***

Current method of administering ICG is by dissolving it in isotonic saline
solution, and delivering it intravenously. Despite its clinical usage, ICG in its current
formulation, suffers from several major drawbacks: (1) concentration of the ICG solution
and the nature of solvent have a significant influence on its absorption properties;** ™ (2)
after a bolus injection, ICG binds readily to albumin and high-density lipoproteins
(HDLs) in blood plasma, resulting in changes in its optical absorbance and fluorescence

48,49

emission properties; and (3) ICG is cleared rapidly from the body, showing a rapid

5051 and eliminated from the

vascular clearance with half-life on the order of 3-4 minutes,
general circulation by hepatocytes.

Given the optical instability of ICG when exposed to physiologically relevant
conditions (e.g., blood plasma, and body temperature), its short vascular circulation time,

and nearly exclusive uptake by the liver, the true potential of this non-toxic and clinically

proven exogenous chromophore for optical imaging and phototherapeutic applications



remains limited. Recent studies demonstrate that encapsulation of organic dyes help
stabilize their optical properties, mainly due to the protecting role of the encapsulating
structure, which shields the embedded fluorophore from the external.'"™? To-date, a
number of nanoconstructs have been developed to encapsulate ICG. These systems have
been constructed from polymeric micelles formed from poly(styrene-alt-maleic
anhydride)-block-poly(styrene)) diblock copolymers,'® poly-lactic co(glycolic)-acid
(PLGA) particle,”>** phospholipid emulsions,*** modified silicate matrices,” and calcium
phosphate.* These studies have demonstrated improved optical stability of ICG resulting
from encapsulation, and are very encouraging in that they demonstrate nano-
encapsulation of ICG provides a potential technique for targeted optical imaging.

We have previously reported on ICG loading into polymeric nanocapsules
composed of cross-linked poly(allylamine) hydrochloride (PAH) and sodium salt.'™®
Certain advantages, associated with our ICG-containing nanocapsules (ICG-NCs), set
them apart from other ICG-doped constructs. Our constructs are spontaneously self-
assembled via green-chemistry in aqueous media within 10-30 seconds, and the entire
time to impregnate the nanocapsules with ICG does not exceed two hours. The self-
assembly of a readily available polymer (PAH) via electrostatically-driven cross-linking
with multivalent inorganic anions, phosphates, produces capsules with a broad range of
sizes and physical stability with ability for different types of dye loading.

A common problem that nearly all types of nanoparticles will have to overcome
once within the vasculature is the issue of clearance from the vasculature and non-

specific recognition. Phagocytic cells of reticuloendothelial system (RES), comprising of



liver, spleen, and bone marrow, play a key role in clearance of foreign particles from
circulation. The interaction between these cells and nanoparticles is mediated through the
presence of specific proteins adsorbed on the surface of nanoparticles. /n-vivo clearance
of nanoparticles from circulation is dependent on the level of protein adsorption on their
surface and intracellular uptake by the phagocytic cells.'®!*>>® Therefore, shielding the
nanoparticles from macrophages, by minimizing the interaction between macrophages
receptors and proteins adsorbed on the surface of nanoparticles, is expected to increase
the circulation time of the nanoparticles.

Use of polyethylene glycol (PEG) to coat the surface of nanoparticles has been
investigated as a methodology to minimize the interaction between nanoparticles and
macrophages.”*?'""% PEG is a water-soluble biocompatible polymer with highly
ambulant and flexible chains.®’ On a PEGylated surface, the major forces between the
surface and proteins in the solution are steric repulsion, Van der Waals attraction and
hydrophobic %2. When the steric repulsion prevails the attraction forces between proteins
and PEG chains, the surface becomes less susceptible to protein adsorption.****

The density and conformation of PEG molecules on the surface are two crucial
factors in determining the net interfacial forces governing protein adsorption. On a low
density PEGylated surface, the steric repulsion force between the proteins attempting to
attach to the PEGylated surface and the PEGylated surface would be smaller as a result of

reduced hydration energy per chain and unit surface. The conformation of PEG chains on

the surface depends on the molecular weight (MW) of the PEG. In low MW PEG, chains



extend out in helical conformation and form a brush-like layer. However, in high MW
PEG, chains entangle with each other and form a mushroom-like layer.®>"°

As the first step towards characterizing the influence of PEGylating the surface of
ICG-loaded nanocapsules (ICG-NCs) on circulation and biodistribution of the capsules,
herein, we report the effects of ICG-NCs surface PEGylation on the uptake of the
capsules by human spleen macrophages in-vitro. Specifically, we investigate the effect of
PEG’s MW on the uptake level of the ICG-NCs by macrophages. The results presented

here provide a basis for the design of ICG-NCs with optimal surface properties required

for prolonged circulation of these nanocapsules in-vivo.

2.2 MATERIALS AND METHODS

2.2.1 Materials

Sodium phosphate dibasic heptahydrate (Na,HPO4.7H,0O, Fisher Scientific),
poly(allylamine) hydrochloride (PAH, Sigma-Aldrich), Indocyanine green (Sigma-
Aldrich), Methoxy-Poly (ethylene glycol)-Butyraldehyde (PEG-ALD, MW= 5,000 and
30,000 Da, Laysan Bio Inc.), Sodium dithionite (Na,S,0,, Sigma-Aldrich) and Phosphate

buffer saline (PBS, Fisher BioReagents) were used as purchased.

2.2.2 Cell lines

Human spleen macrophages (KMA cell line, ATCC®) were cultured in Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with 4 mM L-glutamine, 1.5 g/L
sodium bicarbonate, 0.02 mM thymidine, 0.1 mM hypoxanthine, 0.05 mM 2-

mercaptoethanol, 10% fetal bovine serum, and 1% penicillin. Normal human hepatocytes
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(HH, ScienCell) were cultured in hepatocyte medium (HM) containing 500 ml of basal
medium supplemented with 25 ml of fetal bovine serum, 5 ml of hepatocyte growth

supplement, and 5 ml of penicillin/streptomycin solution.

2.2.3 Synthesis of ICG-loaded Nanocapsules

ICG-loaded nanocapsules (ICG-NCs) were synthesized through a self-assembly
method described in details previously.''® First a polymeric aggregate was formed
through ionic cross-linking between 20 puL of PAH solution (2 mg/mL DI water, 4 °C)
and 60 pL of disodium phosphate salt solution (0.01 M in DI water, 4 °C) by mixing
them for 10 seconds. Subsequently, 1.2 mL of cooled deionized water (4 °C) was added
to the polymeric aggregate suspension, followed immediately by the addition of 240 pL
of cooled ICG stock solution (500 pg/mL DI water, 4 °C)). The nanocapsule suspension
was mixed for 10 seconds and then aged for 20 minutes in dark at 4 °C. The nanocapsule
suspension was washed twice through centrifugation at 3000 rpm for 2 hours at 4 °C.

The size of polymeric aggregate formed during the first step of synthesis can be
tuned through altering the ratio of total negative charge of the Na,HPO, salt to the total
positive charge of PAH, defined as R ratio.1216 In this study, R value was set at 2. Using

an R ratio higher than 2 will results in formation of larger and fast growing aggregates.

2.2.4 PEG-coating
After ICG-NCs were formed, the amine groups on the surface of the capsules
were used as the sites for covalent coupling with Aldehyde-terminated Polyethylene

glycol (PEG-ALD) via reductive amination. Reductive amination is an important
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technique to form a covalent bond between carbon and nitrogen.”’ In this process, an
aldehyde or ketone is condensed with an amine in the presence of a reducing agent. Since
hydride reducing agents, such as cyanoborohydride, are detrimental for cyanine dyes, we
employed sodium dithionite, as a reductant in coating the ICG-NCs. The Schiff base (i.e.,
the imine) formed between the aldehyde-terminated PEGs and the surface amines of the
nanocapsules is not sufficiently stable under physiological conditions. Therefore, we
added sodium dithionite, to irreversibly convert the imines into amines and afford

covalent coating of the nanocapsules with PEG (Scheme 1).

HaNZ NH* pEG/\/ N N Na,S,0, HN
ﬁ
capsule capsule capsule

Scheme 1 Synthesis procedure for PEGylation of ICG-loaded nanocapsules through
reductive amination.

Since a maximum of three PEG chains can be conjugated on =1 nm?, we aimed to
achieve a minimum number density of 1 chain/nm? by conjugating at least 10 Aldehyde-
terminated PEG chains per 10 nm” of nanocapsule surface, and determined the required
amount of PEG-ALD based on diameter and number of nanocapsules in the suspension.

Aldehyde-terminated PEGs with two different MWs (5,000 Da and 30,000 Da)
were used. Sodium dithionite was used as the reducing agent and was added as a solid to
the nanocapsules suspension at approximately two equivalents per mole PEG-ALD. The
suspension of ICG-NCs, PEG-ALD and Sodium hydrosulfite was aged for at least 8

hours in dark at 4 °C. The sample was then dialyzed in water for 48 hours in dark at 4° C.
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Water was changed every 12 hours during the dialysis. To separate possible remaining
reducing agent, the sample was centrifuged at 3000 rpm for 2 hours (twice) at 4° C. As a
control set, ICG-NCs were coated with PEG-ALD non-covalently in absence of the
reducing agent, resulting in formation of unstable Schiff base between amine groups on

the surface of ICG-NCs and the PEG-ALD molecules.

2.2.5 Characterization of Nanocapsules

The morphology of lyophilized uncoated ICG-NCs was examined by scanning
electron microscopy (SEM, Philips, XL-30 FEG). Diameter distribution of these capsules
was quantified by analysis of the SEM images using the Imagel software.

Optical absorbance spectra of PEG-coated ICG-NCs were obtained using a UV-
Visible spectrophotometer (Cary 50 UV-Vis spectrophotometer). Presence of PEG on the
surface of nanocapsules was verified by Fourier transform infra-red spectroscopy (FTIR)
using a Perkin-Elmer 1600 series spectrometer. The zeta ({)-potentials of nanocapsules
were measured by Laser Doppler Velocimetry (LDV) (Zetasizer Nanoseries, Nano-ZS90)

to further confirm PEGylation.

2.2.6  Incubation of Human Spleen Macrophages with ICG-NCs

To study the interaction of ICG-NCs with cells of reticuloendothelial system
(RES), ICG-NCs were incubated with human spleen macrophages. We added 200 pl of
cell suspension (=5x10° cells/ml) in growth media (IMDM) to each well of a 96-well flat-
bottomed micro-titer plate. Subsequently, 100 pl of uncoated ICG-NCs, PEG-ALD

(MW=5,000 Da) coated ICG-loaded nanocapsules (PEG-5k-coated ICG-NCs) and PEG-
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ALD (MW=30,000 Da) coated ICG-loaded nanocapsules (PEG-30k-coated ICG-NCs)
were separately added to cell suspensions. Freely dissolved ICG (free ICG) in PBS was
used as positive control, and cell suspension without ICG-NCs or free ICG was
considered as negative control.

Cells were incubated with samples and positive control for 30 minutes and two
hours without exposure to light in an incubator at 37 °C with 5% CO,. Following
incubation, the suspension of cells and ICG-NCs were washed at low speed

centrifugation (1200 rpm) to separate any remaining suspended NCs from cells.

2.2.7 Incubation of Human Hepatocytes with ICG-NCs

To study the interaction of human hepatocytes with ICG-NCs, hepatocytes were
cultured in 12-well flat-bottomed plate 24 hours. Subsequently, 200 ul of uncoated ICG-
NCs, PEG-5k-coated ICG-NCs, or PEG-30k-coated ICG-NCs were added to wells. Cells
were incubated between 15 minutes to two hours in dark at 37 °C and supplied with 5%
COa,. Following incubation, cells were washed with PBS twice and trypsinized for flow

cytometry analysis.

2.2.8 Fluorescent Imaging of Spleen Macrophages

Cells were resuspended in growth medium after centrifugation. An Electron
Multiplier (EM) gained CCD camera (Quant EM-CCD, Hamamatsu) in combination with
a long pass emission filter (>770 nm) were used to capture the fluorescent images of the
cells in response to 740435 nm excitation wavelength. Camera exposure time was set at

0.1 seconds in all imaging sessions. The contrast and brightness window of all
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fluorescent images were normalized to the fluorescent image of cells incubated with free

ICG (positive control) using ImagelJ software.

2.2.9 Quantification of ICG Content within Macrophages

Following incubation with ICG-NCs or free ICG, macrophages were dissolved in
Sodium Dedecyl Sulfate (SDS). Upon exposure to SDS, macrophages are lysed, and
release their ICG content. The absorbance spectra of solutions containing the lysed cells
in SDS were collected. We took advantage of exclusive NIR absorbance by ICG to
quantify the ICG content of lysed cells. Specifically, the ICG content was quantified
using a calibration that yielded a linear relationship between peak absorbance at A=790
nm, and ICG dissolved in SDS at different concentrations. Saxena et al.”? and Yaseen et
al." have used a similar method to quantify the uptake of ICG-containing PLGA
nanoconstructs by cervical cancer cell lines in-vitro, and biodistribution of PAH-based

ICG-NCs in healthy mice, respectively.

2.2.10 Characterization of ICG-NCs Phagocytic Content and hepatocytes uptake by
Flow Cytometry

We used flow cytometry to characterize the phagocytic content of ICG-NCs.
Human spleen macrophages were incubated with free ICG, uncoated, and PEG-coated
ICG-NCs for various time intervals ranging between 15-360 minutes. Following each
incubation time, we detected overall fluorescent emission from a large population of
human spleen macrophages exposed to free ICG and ICG-NCs by flow cytometry. Cells

were washed with PBS twice through centrifugation (1200 rpm for 4 minutes) and
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resuspended in PBS. FITC Annexin V (BD Biosciences) apoptosis detection kit and
Propidium Iodide (PI) were used to identify late apoptotic and dead cells, respectively, so
that they could be excluded from the analysis. Macrophages were also labeled with
fluorescent maker Phycoerythrin (PE) mouse anti-human CD11b/Mac-1. The integrin
receptor CD11b/Mac-1 regulates the adherence and survival of activated macrophages.
Therefore, we utilized the PE mouse anti-human CDI11b/Mac-1 to discern activated
macrophages from any other cell types. The prepared cells were analyzed by flow
cytometer (BD FACSAria cell sorter) using 633 nm excitation and 785 nm emission
wavelength for ICG detection. The fluorescent intensity distributions and mean
fluorescent intensity (MFI) of PI negative but PE mouse anti-human CDI11b/Mac-1
positive cells were used to quantify the interaction level of the human spleen
macrophages with free ICG or ICG-NCs.

To study the uptake of ICG-NCs by hepatocytes, we utilized flow cytometry. We
used FITC Annexin V apoptosis detection kit and Propidium Iodide (PI) to identify the
dead cells and those in final apoptosis stages in order to eliminate the fluorescent signal

associated with these cells from the analysis.

2.3  RESULTS AND DISCUSSION

2.3.1 Nanocapsules Characterization
ICG-NCs were completely spherical in shape (Fig. 1(a)). Diameter distribution of
lyophilized uncoated ICG-NCs, as determined from the analysis of SEM images, is

shown in Fig. 1(b). The particles mean diameter was 250 + 40 nm.
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Figure 1 (a) SEM image, and (b) diameter distribution of lyophilized uncoated 1CG-
loaded nanocapsules. A Gaussian fit to the measured diameter distribution is also shown
in panel (b).

The optical absorption and fluorescence spectra of free ICG, uncoated ICG-NCs,
PEG-5k-coated ICG-NCs and PEG-30k-coated ICG-NCs are shown in Fig. 2.
Concentration of free ICG and that used to construct the ICG-NCs were 4 uM and 3 uM,
respectively. The absorption spectrum for free ICG displays the peak absorbance values
at 780 and 680 nm, corresponding to the monomeric and dimeric forms of ICG,
respectively. Increased absorbance values in the spectral bands of 570-765 nm, and >814
nm are observed for uncoated and PEG-coated ICG-NCs (Fig. 2(a)). There are red shifts
in the wavelengths associated with monomeric and dimeric forms for PEG-coated ICG-
NCs. The difference in absorbance values are between 0-5% for uncoated and PEG-
coated ICG-NCs in the 550-810 nm spectral range, and virtually none for wavelengths
greater than =810 nm (Fig. 2(a)). There are very minimal differences in absorbance
values of PEG-5k and PEG-30k coated ICG-NCs. Changes in absorbance spectra of

uncoated and PEG-coated ICG-NCs may be induced by conformational changes in ICG
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within the confined environment of the capsules, and have also been reported in a

12-15,73

previous report utilizing PAH-based ICG-NCs.
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Figure 2 (a) Absorbance spectra, and (b) emission spectra of PEG-5k-coated ICG-NCs
(doted line), PEG-30k-coated ICG-NCs (dashed line), uncoated ICG-NCs (solid thick
line) and freely dissolved ICG in water (solid thin line). The emission spectra of
uncoated and PEG-coated ICG-NCs were smoothed using IGOR Pro software with 2™

order binominal algorithm.

The fluorescence spectra indicate that there is reduced emission in the narrow
720-730 nm band for PEGylated ICG-NCs (Fig. 2(b)). Interestingly, over the 750-790 nm
spectral band, there is increased emission from PEG-5k-coated ICG-NCs as compared to
uncoated capsules. Overall, the spectra presented in Fig. 2 suggest that PEGylation does
not compromise the absorbance and emission characteristics of ICG-NCs.

The characteristic peaks of PEG-ALD were observed in the FTIR spectra of ICG-
NCs with the coating achieved by performing the reduction step (Fig. 3). The peak at

~3500 cm™ in both spectra for PEG-ALD and PEG-coated ICG-NCs is attributed to the
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N-H and O-H bonds. The sharp peak at ~2900 cm™ in these two spectra corresponds to
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Figure 3 FTIR spectra of uncoated ICG-NCs, PEG-aldehyde, and PEG-treated ICG-NCs
with and without the reductive amination step.

The peaks at ~2650-2750 cm™ and ~1900 cm™ in the pure PEG-ALD spectrum
are attributed to the aldehyde (O=)C-H stretch, and the carbonyl group (aldehyde C=0O
stretching), respectively, and both of these peaks are absent in the spectrum of PEG-
treated ICG-NCs with reduction step. The peaks in the 900-1500 cm™ range correspond
to vibrational modes of C-O-C bonds of PEG in the spectra of pure PEG-ALD and PEG-
coated ICG-NCs. The sharp peak at ~1100 cm” in PEG-coated ICG-NCs spectra is
vibrational mode of C-N bond. No specific peaks of PEG-ALD were detected for the

PEG-treated ICG-NCs without the reduction step indicating the necessity to perform this
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step in order to achieve successful PEGylation. That spectrum was similar to that of
uncoated ICG-NCs, indicating that amination coupling in the absence of reducing agent

did not yield PEG coatings on ICG-NCs.

100 1 |

S D @
o o o
PRI T R ST S S S S S A

-

distribution (%)

N
o
L1

O.-"'I’:.."'IT"I"....'.I"'I"'I
-40 -20 0 20 40 60 80

{-potential (mV)

Figure 4 ¢-potential distributions for uncoated (solid thick line), PEG-30k-coated with no
reduction (solid thin line), PEG-5k-coated with no reduction (doted line), and PEG-30k-
coated ICG-NCs with reduction (dashed line) measured in water at room temperature.

The C-potential distribution (in -20 to +50 mV range), and its peak value (=40
mV) for uncoated ICG-NCs were nearly identical to those of the capsules where
formation of PEG-ALD coating was attempted without the reduction step (Fig. 4). These
similarities indicate that in the absence of the reduction step, PEG-ALD coating cannot
be successfully produced. When utilizing the reductive amination step, the C-potential
distributions for PEG-5k-coated ICG-NCs, and PEG-3-k-coated ICG-NCs were altered
with the respective peak values shifted to ~12 and -7 mV, indicating successful formation

of PEG-ALD coating on the surface of the capsules. The reduction in {-potential of

PEGylated samples could be due to the increase in thickness of stern layer formed around
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the PEG-coated ICG-NCs. Subsequently the position of the slipping plane at electrical

double layer will change and move away from the surface of ICG-NCs.”*"

2.3.2  Fluorescence Imaging of Cells

None or minimal fluorescence was detected from human spleen macrophages at
30 minutes and two hours of incubation with PEG-5k-coated ICG-NCs, and PEG-30k-
coated ICG-NCs (Fig. 5(a)-5(d)). The number of cells emitting fluorescence increased in
response to incubation with uncoated ICG-NCs (Fig. 5(e)-5(f)), with the highest number

of cells and the most intense signal emanating from macrophages incubated with freely

dissolved ICG (Fig. 5(g)-5(h)).

2.3.3  Quantification of ICG Content within Macrophages

In Fig. 6, we present results that display the ICG content of human spleen
macrophages incubated with PEG-5k-coated ICG-NCs, PEG-30k-coated ICG-NCs,
uncoated ICG-NCs and free ICG for 30 minutes and two hours. The highest ICG content
was associated with macrophages incubated with free ICG for both incubation times. The
content of PEG-5k-coated ICG-NCs by the human spleen macrophages was significantly
lower than that of PEG-30k-coated (p-value<0.05) and uncoated ICG-NCs (p-
value<0.005) for up to 120 minutes of incubation time. The content of PEG-30k-coated
ICG-NCs was significantly higher (p-value<0.05) than that of PEG-5k-coated ICG-NCs,
but still lower than uncoated ICG-NCs (p-value<0.05).
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ICG-INCs

Uncoated
ICG-NCs

Free ICG

Figure 5 Fluorescent images of human spleen macrophages incubated with: (a,b) PEG-
Sk-coated ICG-NCs; (c,d) PEG-30k-coated ICG-NCs; (e,f) uncoated ICG-NCs; and (g,h)
freely dissolved ICG in PBS, for 30 minutes and 2hours, respectively.
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Figure 6 Mean ICG content of human spleen macrophages incubated with PEG-5k-
coated ICG-NCs, PEG-30k-coated ICG-NCs, uncoated ICG-NCs and freely dissolved
ICG in PBS for 30 and 120 minutes at 37 °C (cell density=5%x10> cells/ml, n=7). Error
bars on each panel represent the standard deviation. Single and double asterisks denote
statistically significance differences between the shown pairs with p-value < 0.05, and p-
value < 0.005, respectively.

2.3.4  Characterization of ICG-NCs Phagocytic Content

The population distribution of macrophages demonstrating various ICG
fluorescent intensities after 15 minutes of incubation with free ICG or ICG-NCs, as
determine by flow cytometry, are shown in Fig. 7(a). Macrophages incubated with free
ICG exhibit the largest peak fluorescent value (=1,600). For macrophages incubated with
uncoated, PEG-30k-coated, or PEG-5k-coated ICG-NCs, the respective peak fluorescent
values become progressively lower. These results suggest that the use of PEG-5k as the
coating material tends to minimize the interactions between the spleen macrophages and
ICG-NC:s to result in reduced uptake level of the capsules for short incubation times (15

minutes). The MFI of macrophages incubated with free ICG and ICG-NCs between 15-

23



360 minutes are shown in Fig. 7 (b). For all incubation times, macrophages incubated
with free ICG exhibited the highest MFI. Macrophages incubated with PEG-5k-coated
ICG-NCs for up to 60 minutes had the lowest MFI values. Incubating the macrophages
with PEG-coated ICG NCs resulted in significantly lower MFI values for up to 300
minutes as compared to cell that were incubated with uncoated ICG-NCs. For incubation
times of two hours and longer, there were no significant difference in MFI values for
PEG-5k and PEG-30k-coated ICG-NCs.

The content of ICG-NCs within the macrophages at any time is the sum of the
uptaken capsules that are still intact plus the capsules that are undergoing degradation
(partially degraded) and fully degraded capsules. With increased incubation time, all of
these fractions may be present within the macrophages simultaneously. As ICG or ICG-
NCs become degraded, it is likely that their fluorescence characteristics change to give
rise to a net reduced MFI. For incubation times up to 60 minutes, the intact ICG-NCs
appear to be the dominant fraction since the MFI values for macrophages incubated with
either uncoated or PEG-coated ICG-NCs monotonically increase during this time interval
(Fig. 7(b)). Beyond 60 minutes, the MFI values tend to fluctuate with incubation time,
suggesting that all fraction types are likely to be present within the macrophages.
Therefore, for long incubation time, the MFI will depend on the relative amount of each

fraction type and its associated fluorescent emission characteristics.
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Figure 7 Characterizing the phagocytic content of ICG-NCs within macrophages by flow
cytometry. (a) ICG fluorescent signal of macrophages incubated with free ICG (solid
thick line), uncoated ICG-NCs (solid thin line), PEG-5k-coated ICG-NCs (doted line)
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PEG-5k-coated, and PEG-30k-coated ICG-NCs for various times ranging from 15
minutes to 6 hours at 37 °C. Experiments were repeated three times, and 10,000 events
were recorded for each sample. Brackets denote that there were no statistically significant
differences between the shown bars.

In Fig. 8, we present the effect of ICG encapsulation and coating of ICG-NCs on
the resulting side and forward scatterings by human spleen macrophages as determined
with flow cytometry. Froward scattering is affected by the size of the cells, and side
scattering by the granular content within the cells. Incubation with free ICG had minimal
effect on forward and side scattering of macrophages as compared with the control cells
(not incubated with any materials) (Fig. 8(b)). Therefore, uptake of ICG molecules did
not alter size and granularity of macrophages. However, incubation of macrophages with
uncoated ICG-NCs and PEG-coated ICG-NCs reduced the forward scattering, and
slightly increased the side scattering (Fig. 8(c-¢)). Reduced side scattering of

macrophages incubated with ICG-NCs can be result of cytoplasmic granularity due to

endocytosis of ICG-NCs.”’
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Figure 8 Integrated intensity of side scattering light with respect to time (SSC-A) vs.
forward scattering (FSC-A) for human spleen macrophages: (a) negative control (cells
only), and cell incubated with (b) free ICG, (c) uncoated ICG-NCs, (d) PEG-5k-coated
ICG-NCs, and (e) PEG-30k-coated ICG-NC:s.

The fluorescent intensity distribution of macrophages incubated with free ICG,
uncoated ICG-NCs, PEG-5k-coated ICG-NCs, and PEG-30k-coated ICG-NCs for 15
minutes, 1, 4, and 6 hours are presented in Fig. 9 (a-d). The most intense peak in all
different incubation times was associated with cells incubated with free ICG. The
fluorescent intensity distribution of cells incubated with PEG-5k-coated ICG-NCs was
the closest to the control sample (macrophages not incubated with free ICG or ICG-NCs)
for up to one hour, suggesting that these constructs were least uptaken by macrophages.

For four hours of incubation, the fluorescent intensity distribution of macrophages

incubated with PEG-coated ICG-NCs became more comparable with that of macrophages
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incubated with uncoated ICG-NCs. After six hours of incubation, macrophages incubated
with uncoated or PEG-coated ICG-NCs had similar fluorescent intensity distributions,
suggesting that [CG-NCs content of macrophages were similar at this time.

The percentage of ICG positive macrophages incubated with various constructs
are shown in Fig. 9 (e). After 15 minutes of incubation, almost 95% of the cells had taken
up free ICG. For macrophages incubated with uncoated ICG-NCs and PEG-coated ICG-
NCs for 15 minutes, the percentage of ICG positive cells was reduced to less than 25%
and 5%, respectively. The percentage of cells taking up PEG-5k-coated ICG-NCs
remained less than 10% for up to one hour of incubation. For incubation times of two
hours and longer, the uptake of PEG-5k coated ICG-NCs and PEG-30k-coated ICG-NCs
were not statistically different from each other, but significantly lower than uptake of
uncoated ICG-NCs and free ICG.

The results of flow cytometry experiments (Fig. 7(b) and 9(e)) are consistent with
those obtained by cell lysis followed by optical absorbance measurements (Fig. 6) with
the exception of the content of PEG-5k- and PEG-30k-coated ICG-NCs at two hours of
incubation relative to each other. In the latter method, content quantification of ICG-NCs
is based on the optical absorbance of ICG within the cell that includes the amount
liberated from the intercellular phagocytic compartments after cell lysis. In flow
cytometry studies, macrophages remain intact, and the measured MFI is related to the
emission characteristics of internalized but not degraded ICG-NCs as wells as the

degraded capsules and those undergoing degradation.
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Figure 9 Fluorescent intensity distribution of human spleen macrophages incubated with
free ICG (black histogram), uncoated ICG-NCs (green histogram), PEG-5k-coated ICG-
NCs (red histogram), PEG-30k-coated ICG-NCs (blue histogram), and negative control
(cells only, gray histogram) for different incubation times (a) 15 minutes, (b) 1 hour, (c) 4
hours, and (d) 6 hours. In panel (e), percentage of ICG positive cells for different
incubation times are presented. Each bar represents the mean fluorescent intensity and
each flow cytometry experiment was repeated three times. Error bars represent the
standard deviation. Brackets denote that there were no statistically significant differences
(p-value<0.05) between the shown bar pairs.

The statistically significant difference in content of PEG-5k and PEG-30k coated
ICG-NCs within macrophages (Fig. 6) may be attributed to differences in conformation
of PEG chains on the surface of nanocapsules. Due to the large surface curvature of the

nanospheres compared to flat surfaces, an increase in the length of the PEG polymers will
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provide conformational freedom at their distal termini that interfaces with the
surrounding physiological media. Hence, as the PEG’s MW increases, the conformation
of PEG chains alters from brush-like structure to a mushroom-like arrangement. The
protein resistivity of a PEGylated surface with either of these conformations is different.
It has been reported that the brush-like conformation can reduce protein adsorption more
as a result of higher entropic repulsion between proteins and the surface.®”’° In low MW
PEG, the chains on the surface are extended away from the surface and their mobility and
flexibility is higher. However, in the mushroom conformation, PEG chains are more
entrapped together and flexibility is reduced. In both conformations, the PEG layer can
prevent penetration of large opsonins. The small opsonins can pass through PEG-30k
layer easier due to the restricted range of motion of PEG chains compared to PEG-5k
layer.”

The amount of ICG-NCs in macrophages also showed a correlation with the (-
potential of the particles. Specifically, the greatest content was associated with uncoated
ICG-NCs, which had the highest positive {-potential (=+40 mV peak value). The content
level decreased with PEG-5k-coated ICG-NCs and PEG-30k-coated ICG-NCs, which had
lower peak (-potential values of approximately +12 and -7 mV, respectively. Our results
are consistent with reports by Li & Huang,'® Owens et al."” and Levch’ that indicate
reduced uptake of PEGylated liposomes and nanoparticles by macrophages. Li & Huang
have reported rapid clearance of positively charged nanoparticles from vasculature with

high accumulation levels in lungs and liver.'"® When liposomes were coated with PEG or
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neutralized (-10 mV < (-potential < 10 mV), their uptake by RES cells was lowered, and
their blood circulation half-life increased."®

Our results are very encouraging in that they suggest PEG-coated ICG-NCs may
be used as a platform to increase the circulation time of ICG within the vasculature as
result of reduced interaction with human macrophages. Such a platform can potentially
be used for NIR imaging and phototherapy of vascular malformations, as well as tissue

abnormalities when further enhanced with surface-expressed targeting moieties.

2.3.5 Interaction of ICG and ICG-NCs with human hepatocytes

The interaction of PEG-coated ICG-NCs with normal human hepatocytes was
investigated for different incubation times from 15 minutes to 2 hours (Fig. 10).
Hepatocytes incubated with freely dissolved ICG showed the highest MFI compared to
uncoated and PEG-coated ICG-NCs. There was no statistically significant deference
between MFI of hepatocytes incubated with PEG-5k-coated ICG-NCs, PEG-30k-coated
ICG-NCs and the control sample for short incubation times (15 minutes). Up to two
hours, the lowest MFI was associated with hepatocytes incubated with PEG-5k-coated
and PEG-30k-coated ICG-NCs. However, uptake of PEG-5k-coated was not significantly
different than that of PEG-30k-coated ICG-NCs. These results indicate that encapsulation
of ICG in the nano-scale polymeric capsules and PEGylation diminishes the hepatic

uptake of ICG in-vitro.
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Figure 10 Mean fluorescent intensity of human hepatocytes incubated with free ICG
(black), uncoated ICG-NCs (green), PEG-5k-coated ICG-NCs (red), PEG-30k-coated
ICG-NCs (blue), and cells only as negative control (gray) for 15 minutes, 30 minutes, 1
hour and 2 hours. Each bar represents the MFI and each flow cytometry experiment was
repeated three times. Error bars represent the standard deviation. Brackets denote that
there were no statistically significant differences (p-value<0.05) between the shown bar
pairs.

24 CONCLUSION

The surface of ICG-containing nanocapsuels (ICG-NCs) were successfully coated
with aldehyde terminated PEG via reductive amination. PEG coating decreased the (-
potential of ICG-NCs from high positive values to less positive potentials. Increased
molecular weight (MW) of PEG from 5,000 to 30,000 Da resulted in further reduction of
the {-potential towards the negative values. In comparison with free ICG and uncoated
ICG-NCs, coating the surface of the capsules with PEG minimized the phagocytic

content of ICG-NCs for up to 300 minutes, as characterized by statistically significant
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reductions in the mean fluorescent intensity values. The phagocytic content of ICG-NCs
was reduced through PEGylation. Low molecular weight PEG (5,000 Da) lowered the
ICG-NCs content within human spleen macrophages up to 90 minutes as compared with
the high molecular weight PEG (30,000 Da). For longer incubation times, there was no
statistically significant difference in phagocytic content of ICG-NCs coated with either
the high or low molecular weight PEG. Encapsulation within the polymeric nanocapsules
reduced the hepatic content of ICG with normal human hepatocytes up to two hours,
while the molecular weight of PEG did not have a statistically significant effect on the
content of ICG-NCS in liver cells. Results of these in-vitro studies indicate the promising
role of PEG coating as a method to prolong the vascular circulation time and reduce the

clearance of ICG-NCs by RES.
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CHAPTER 3: Effects of Nano-encapsulation and PEGylation
on Biodistribution of Indocyanine Green in Healthy Mice:

Quantitative Fluorescence Imaging and Analysis of Organs

3.1 INTRODUCTION

Nano-constructs containing near-infrared (NIR) exogenous chromophores are
currently investigated as enabling platforms for site-specific optical imaging.”” ' Use of
NIR wavelengths is particularly advantageous in that it allows for relatively deep optical
penetration, on the order of a few centimeters, in biological tissues due to reduced light
absorption by water, and proteins.** Additionally, tissue autoflourescence is negligible
over the NIR spectral band, allowing for increased contrast when using exogenous NIR
fluorophores.®**

We have engineered polymeric nanocapsules composed of Polyallylamine
hydrochloride (PAH) chains cross-linked with sodium phosphate, and doped with
Indocyanine green (ICG), the only FDA approved NIR chromophore for specific imaging
applications.'"'***>#¢ For example, in ophthalmology, ICG is used to image the nature
of choroidal circulation and its abnormalities including suspected polypoidal choroidal
neovascularization, choroidal hemangioma, chronic central serous chorioretinopathy, and
certain forms of neovascularization in age-related macular degeneration.®”*° Other
90,91

clinical applications of ICG are in assessment of cardiovascular and liver functions.

ICG has also been investigated in patients with breast, gastric, and skin cancer

92-98 99,100

undergoing sentinel lymph node mapping, and evaluation of lymphedema.
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Despite its proven efficacy in these applications, the utility of ICG for broader
clinical usage has been limited due to its non-specific binging to albumin and high-
density lipoproteins (HDLs) in plasma. Such binding results in rapid clearance of ICG
from blood (with plasma half-life on the order of 2-4 minutes).'”" Others'***!*%1% and

11,13,73,85,86
we! #1799

are pursuing encapsulation of ICG as a potential approach to increase its
circulation time with the intention of broadening the medical applications of this
clinically-proven optical material.

A common phenomenon associated with use of exogenous nano-constructs is that
once administered into the vasculature, blood plasma proteins can bind to the surface of
these materials. Macrophages of the reticuloendothelial system (RES) recognize the
nanoparticles by the presence of these surface adsorbed proteins, and clear them from the
vasculature through phagocytosis.'™ Circulation time of nanoparticles within the
vasculature can be improved by minimizing non-specific protein binding and phagocytic
recognition. Development of bioinert (non-fouling) surfaces that resist protein adsorption
is a common strategy to prolong vascular circulation time of nanoparticles.'®

Here, we modify surface of ICG-NCs with polyethylene glycol (PEG) as an
approach to increase the circulation time of the constructs. In a previous study, we
demonstrated that PEGylating the ICG-NCs reduced the uptake of the constructs by

196 We have also investigated the effect of low (5

primary human hepatocytes in-vitro.
KDa) and high (30 KDa) molecular weight (MW) of PEG coating, and determined that
coating the surface of ICG-NCs with 5 KDa PEG reduces the interaction between the

particles and spleen macrophages, as determined by flow cytometry.*® Motivated by these
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previous in-vitro studies, herein, we extend our investigations to in-vivo studies using
healthy mice. Specifically, the objectives of this study are to: (1) evaluate the
effectiveness of encapsulation and coating the surface of ICG-NCs with 5 KDa PEG in
extending the circulation time of ICG; and (2) investigate the utility of these ICG-NCs for

in-vivo quantitative fluorescence imaging.

3.2 MATERIALS AND METHODS

3.2.1 Synthesis and PEGylation of ICG-NCs

We synthesized ICG-NCs by ionic cross-linking of the PAH chains with sodium
phosphate, and subsequent diffusion-mediated ICG loading, as reported
previously.' 1212738586107 The amounts of PAH and sodium phosphate, and the aging
time control the size of the ICG-NCs.” In this study, we fabricated the ICG-NCs by
mixing 20 ul of PAH stock solution (2 mg/ml, 4 °C) and 10 ul of disodium hydrogen
phosphate heptahydrate solution (0.01 M, 4 °C). The nanoparticle suspension was then
diluted by addition of 1.2 ml pre-cooled deionized water (4 °C), immediately followed by
addition of 240 ul of ICG aqueous solution (0.65 mM, 4 °C). The ICG-NCs suspension
was aged for 15 minutes at 4 °C, and then washed through differential centrifugation. The
suspension was centrifuged at 2,300g (5,000 rpm) for 5 minutes followed by another
centrifugation at 845g (3,000 rpm) for 30 minutes to separate large ICG-NCs. Then, ICG-
NCs suspension was washed twice at 845g for 2 hours.

ICG-NCs were subsequently coated with aldehdye-terminated PEG (PEG-ALD,

MW=5,000 Da) using reductive amination as described before.*® The PEG-ALD was
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added to the ICG-NCs suspension to yield conjugation of one PEG chain/nm’ of
nanoparticle surface. We used approximately two equivalents of sodium dithionite, as
reducing agent, per mole PEG-ALD. This suspension was then aged for two hours at 4
°C. This process results in formation of a covalent bond between the amine groups on the
surface of ICG-NCs and the aldehyde group of the PEG-ALD. The PEG-coated ICG-NCs
were washed through centrifugation twice (845g, 2hours). The uncoated and PEG-coated

ICG-NCs were resuspended in PBS and stored at 4°C in the dark.

3.2.2 Characterization of ICG-NCs

The morphology of ICG-NCs was determined using scanning electron
microscopy (SEM, Philips, XL-30 FEG). Hydrodynamic diameters of the uncoated and
PEGylated ICG-NCs were measured by dynamic light scattering (DLS) (Zetasizer
Nanoseries, NanoZS90). Absorption spectra of ICG-NCs were obtained using a UV-
Visible spectrophotometer (Cary 50 UV-Vis spectrophotometer) with a 1 cm path-length.
Fluorescence spectra of ICG-NCs were obtained with a fluorometer (Jobin-Yvon
Fluorolog) in response to 680 nm excitation wavelength, a wavelength at which both non-
PEGylated and PEGylated constructs have nearly the same absorbance value. For
comparison, we obtained the absorption spectrum of 9 uM ICG dissolved in water, and

its corresponding fluorescence spectrum in response to 680 nm excitation.

3.2.3 Cytotoxicity Assessment
We incubated Human Dermal Microvascular Endothelial Cells (HDME, PCS-110

cell line) purchased from American Type Culture Collection (ATCC) with media
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containing uncoated ICG-NCs (4.6 ng PAH/ml), PEG coated ICG-NCs (4.6 ug PAH/ml),
or PAH (at 6 and 12 pg/ml) for 24 hours at 37 °C and %5 CO,. Cells without exposure to
any agent, and those incubated with phenol (100 pul) were used as negative and positive
controls, respectively. After 24 hours, cells were washed twice with PBS and stained with
propidium iodide (PI) to identify the dead cells. We used flow cytometry to determine the

percentage of dead cells.

3.2.4 Animal Preparation and Administration of Imaging Agents

Female Swiss Webster mice, 25-30 g, 10-12 weeks old, were procured from
Charles River Laboratories, and utilized in this study under a protocol (A-20080039)
approved by UC Riverside Institutional Animal Care and Use Committee. Animals were
anesthetized by inhalation of 2% Isoflurane in Oxygen. The ventral side of each mouse
was shaved one hour prior to administration of ICG-NCs. The PEG-coated ICG-NCs,
uncoated ICG-NCs, or freely dissolved ICG were administered intravenously via tail vein
injection while the animal was anesthetized. The absorbance values of all samples at 800
nm were the same, and equivalent to the value associated with 12 uM of free ICG. The
administered level of ICG in our experiments, 75 ug ICG/kg weight of mouse, is well
below the LD50 (lethal dosage in 50% of animals) of 62 mg/kg in mice.'” The injection

volume for all samples was 150 uL.

3.2.5 Whole-Body Fluorescence Imaging
Whole-body images of the mice were captured using a luminescence dark box.

The animal was placed in a supine position on a heating pad to maintain body
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temperature. A constant flow of 2% Isoflurane in Oxygen was delivered using a plastic
gas manifold during the imaging to immobilize the mice. Images were captured at various
times and up to 60 minutes post injection of samples. Two LEDs equipped with an
excitation filter (700 = 30 nm) were used for illumination. Fluorescent emission was
captured using a CCD Camera (Pixis 1024B, Roper Scientific) equipped with a long pass
filter transmitting wavelengths greater than 810 nm. To prevent pixel saturation, the
respective camera exposure times were set to 0.5 s for animals injected with free ICG,

and 1.0 s for animals injected with other agents.

3.2.6 Quantitative Image Analysis

The acquired fluorescent images were analyzed using Imagel] software. The
abdominal area of the mouse, corresponding to the liver and small intestine, was selected
as the region of interest (ROI). The mean intensity (/) values of each fluorescent image

acquired from the ROI at different post injection times were calculated as:

2iz1l;
m

[ =
where m is the total number of pixels in the ROI, and /; is the pixel intensity at ™ pixel.

Subsequently, we computed the image contrast (C) associated with the ROI as:

I — I
C= T s
Iy

where I} and Iy present the mean intensity of the ROI (abdominal area) and

background, respectively.®'”
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3.2.7 Biodistribution Characterization

Mice were euthanized by inhalation of compressed CO, gas at various times (15,
30 and 60 minutes) following injection with PEG-coated ICG-NCs, uncoated ICG-NCs,
or freely dissolved ICG. Five mice were studied for each of the imaging agents and each
time point, giving a total of 45 animals. After sacrificing each mouse, 500 ul of blood
was collected from the heart by cardiac puncture. The blood sample was mixed with 5 ml
of sodium dodecyl sulfate (SDS, 5% w/v in water) solution to lyse the blood cells, and
release the ICG molecules or nanocapsules taken up by the cells. Various organs
including heart, lungs, liver, kidneys, spleen, stomach and intestine were harvested at
each time point and for each imaging agent. Organs were ground using disposable
polystyrene tissue grinders (Fisherbrand). Smaller organs, such as heart, spleen, lungs,
and kidneys, were incubated in 5 ml of SDS solution for one hour to lyse the cells. Liver,
intestine and stomach were incubated in 10 ml of SDS solution (5% w/v in water) for one
hour.

Lysed organs and blood samples were centrifuged in SDS solution at 12,000g
(9,000 rpm) for 30 minutes at 4°C. Subsequently, the supernatants of the blood sample
and homogenized organs were collected, and the fluorescence emission spectrum of each
sample was recorded using a fluorometer (Jobin-Yvon Fluorolog) in response to 680 nm
excitation wavelength. The ICG content within each organ was calculated by comparing
the integrated fluorescent signal (over 700-900 nm bandwidth) with a calibration curve
that related the fluorescence emission over the same bandwidth to various concentrations

of ICG in SDS solution.
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3.3 RESULTS AND DISCUSSION

3.3.1 Characterization of ICG-NCs

An illustrative scanning electron microscopy (SEM) image shows the spherical
morphology of ICG-NCs (Fig. 11(a)). Using DLS, the peak diameter of the uncoated
ICG-NCs, based on the amounts of the reagents utilized, again time, and other
experimental protocols as indicated in the Methods section, was 77 nm (Fig. 11(b)).
PEGylation increased the peak diameter by nearly 10 nm, and resulted in a right shift in

the population distribution. Both peak values were associated with 23% of the

nanoparticles in the population distribution.
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Figure 11 (a) SEM image of uncoated ICG-NCs, and (b) Gaussian fits to the size
distribution profiles of uncoated and PEGylated ICG-NCs in water at 4 °C as measured
by DLS.

In comparison to the absorption spectrum of free ICG, the spectra of ICG-NCs
were broadened, and did not show distinct peaks corresponding to the monomeric and
dimeric forms of ICG at 780, and 720 nm, respectively. This spectral broadening is

consistent with our previous report.” Uncoated and PEG-coated ICG-NCs demonstrated
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similar absorption and fluorescent emission spectra (Fig. 12), suggesting that PEGylation
did not profoundly change these optical properties of the constructs. Absorbance values
were slightly higher for the PEGylated particles in the 700-860 nm range (Fig. 12(a)). In
response to 680 nm excitation, the fluorescence spectra for both uncoated and PEG-
coated ICG-NCs illustrated peaks at nearly 720 and 790 nm, corresponding to emission
from the dimeric and monomeric forms of ICG, respectively, with slightly higher values

for the PEGylated constructs in the 720-730 nm and 750-805 nm emission bands.
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Figure 12 (a) Absorbance and (b) fluorescence spectra of ICG (9 uM), uncoated and
PEG-coated ICG-NCs (Aex=680 nm).

We have previously reported on improved optical and thermal stability of ICG
when encapsulated in these polymeric nanocapsules.'' For example, exposure of ICG-
NCs suspension and free ICG to broadband light for up to 2 hours resulted in increased

degradation rate of the monomer form of free ICG from 0.0142 min™ to 0.0042 min™. In
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response to incubation of ICG-NCs and free ICG at 40 °C for 48 hours, the absorbance of
the monomer form of free ICG decreased by ~40%. In contrast, the absorbance of the
monomer form of ICG-NCs was reduced by only 10%.""

We have also reported the release kinetics of ICG from these polymeric
nanoparticles.”” We incubated ICG-NCs in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) for up to 24 hours at 37°C
water bath (without light exposure) to simulate a physiologically relevant environment.
At various time points, capsules were centrifuged, and the supernatants were collected
and optically analyzed for ICG released from the capsules. Only 5% of ICG was released
from the nanocapsules after one hour under these physiological relevant conditions. At
eight hours post-fabrication, the released level approached a near steady value of
approximately 12%."

We have measured the zeta potential distribution of non-coated ICG-NCs (40
mV) and PEGylated ICG-NCs (12 mV). We have used FTIR spectroscopy to confirm
covalent attachment of PEG to the surface of ICG-NCs using the reductive amination

pI'OCGSS.86

3.3.2 Cytotoxicity of ICG-NCs

In Fig. 13, we present preliminary cell viability studies using the PI assay. Almost
100% of the cells incubated with uncoated ICG-NCs, PEG-5k-coated ICG- NCs, and 6
pg/ml PAH remained viable. Cell viability was reduced to 85% after incubation with
PAH at 12 pug/ml for 24 hours, while almost the entire cell population was dead when

incubated with phenol. These results are very promising since they suggest that PAH will
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not compromise the cell viability when utilized at concentration of less than 12 pg/ml.
Therefore, for these in-vivo studies we administered ICG-NCs containing PAH at
concentrations lower or equal to 4.6 pg/ml.

100
90
80
70
60
50
40
30
20
10

0

Viability (%)

: , —
noadditives  ICG-NCs PEGICG-NCs PAH6ug/ml PAH12ug/ml  Phenol

Figure 13 Viability of human dermal vascular endothelial cells after 24 hours incubation
in media containing one of the following additives: uncoated nanocapsules doped with
ICG (ICG-NCs, 4.6pug/ml); PEG coated nanocapsules doped with ICG (PEG ICG-NCs,
4.5 pug/ml); and polyallalamine hydrochloride (PAH) at two different concentrations.
Incubation in media with no additive encompassed the negative controls; and incubation
in the media with phenol provided the positive controls. Each bar represents average of
three experiments. Error bars represents one standard deviation. Using statistics to
analyze the results for ICG-NCs and PAH (6ug/ml) yielded p-values larger than 0.1 when
compared with the negative controls and p-values smaller than 10 when compared with
the positive control. Therefore, these three tests indicated for lack of the adverse effect on
cell viability. The same analysis for PAH at 12ug/ml (which is 2.6 times more than the
concentration administered in in-vivo studies) yielded p-values smaller than 10 when
compared to the negative control and p-value smaller than 10 when compared with
positive control.

3.3.3 Quantitative Fluorescence Imaging and Biodistribution of Constructs in Mice
Maximum fluorescence signal associated with injection of free ICG was

detectable from the liver three minutes post-injection (Fig. 14(a)), indicating the rapid
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clearance of ICG from the systemic circulation, consistent with previous studies.™%''

Fluorescence emission levels from the liver remained near maximum for at least 60
minutes post-injection with free ICG (Fig. 14(b)-14(e)). In the case of uncoated and PEG-
coated ICG-NCs, maximum fluorescence signals from the liver were detectable at 10

minutes (Fig. 14(g)) and 60 minutes (Fig. 14(0)) post-injection, respectively.
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Figure 14 Whole-body fluorescent images of three different mice injected with freely
dissolved ICG in PBS (a-e), uncoated ICG-NCs (f-j) and PEG-coated ICG-NCs (k-0) at
various times post-injection.

We present the mean + standard deviation values of the image contrasts (C)

associated with the abdominal areas as the ROI at post-injection times between 3-60

minutes (Fig 15). The mean value of C was about eight-fold higher for mice injected with
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free ICG as compared to that for mice injected with PEG-coated ICG-NCs at 3 minutes
post injection.

We fitted the dynamics of the image contrast with single exponential profiles
(Fig. 15), and define 7 as the time over which the mean value of C increases by a factor
of e. The mean value of C for the ROI increased rapidly up to approximately eight
minutes post injection for free ICG (7=1£0.06 minutes). The rapid increase of C
demonstrates the quick accumulation of free ICG in the liver within a short time post-
injection. ICG is secreted into the bile following uptake by the liver.'"" Consequently,
bile that contains ICG is stored in the gallbladder, and discharged to the duodenum
through the bile duct. After 10 minutes post-injection, the mean C value for the ROI
associated with free ICG (Fig. 15) gradually decreased over a time interval greater than

60 minutes, suggesting either a reduced rate of accumulation in the liver or secretion of

ICG to the bile, or both.
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Figure 15 Computed image contrast of the abdominal area of mice injected with freely
dissolved ICG in PBS, uncoated ICG-NCs and PEG-coated ICG-NCs at various times
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post-injection. The exponential fit to each data set is presented as green (Free ICG,
R’=0.95), dark grey (uncoated ICG-NCs, R*=0.96) and red (PEG-coated ICG-NCs,
R?=0.99). Error bars represent the standard deviation. Asterisks denote that there were
statistically significant differences (p-value< 0.05) between the PEG-coated ICG-NCs
and Uncoated ICG-NCs and free ICG contrast.

Upon injection of uncoated ICG-NCs, a different dynamic was observed; a
gradual increase in the mean C value for the ROI up to 60 minutes post injection with
7=18.98+1.61 minutes. The longer Tt of uncoated ICG-NCs compared to that associated
with free ICG implies lower clearance rate of uncoated ICG-NCs from the systemic
circulation and accumulation in the liver. The mean C value for the ROI associated with
PEG-coated ICG-NCs gradually increased until 60 minutes post injection with a
7=34.2+1.39 minutes (Fig. 15). The mean C for mice injected with PEG-coated ICG-NCs
remained statistically significantly lower than the corresponding values for mice injected
with uncoated ICG-NCs and free ICG for up to 20, and 50 minutes post-injection,
respectively. The lower mean values of C and longer t associated with PEG-coated ICG-
NCs, imply reduced accumulation of PEGylated ICG-NCs within the liver; an indication
of prolonged circulation time of these nanoparticles.

We present illustrative fluorescent images of various organs obtained from six
mice euthanized at 30 and 60 minutes post-injection (Fig. 16). For mice injected with free
ICG, only the liver and intestine could be fluorescently visualized, confirming that these
are two organs in which free ICG is accumulated (Fig. 16(a) & 16(b)). For mice injected

with uncoated ICG-NCs, fluorescence emission from the liver, intestine, stomach, spleen

and kidneys were detectable at 30 minutes post-injection. At 60 minutes post-injection of
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uncoated ICG-NCs, the presence of ICG in only the liver, intestine and stomach could be
fluorescently detected (Fig. 16(c) & 16(d)). However, for mice injected with PEG-coated
ICG-NCs, all organs except heart were distinguishable in the fluorescent images at 30
and 60 minutes post injection (Fig. 16(e) & 16(f)). The fluorescence emission detected
from the highly vascularized organs including spleen, lungs and kidneys up to 60 minutes
post-injection of PEG-coated ICG-NCs may be due to the circulating PEG-coated ICG-
NCs within the vasculature or tissues of these organs.
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Figure 16 Fluorescent images of harvested organs of six mice at 30 and 60 minutes post
tail vein administration with free ICG (a,b), uncoated ICG-NCs (c,d) and PEG-coated
ICG-NC:s (e,f).
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3.3.4 Quantification of ICG Content in Blood Sample and Harvested Organs

We determined the relative ICG content of blood and various organs at three
different post-injection times of 15, 30 and 60 minutes (Fig. 17). Nearly 57% of
administered PEG-coated ICG-NCs remained within the vasculature at 15 minutes post-
injection (Fig. 17(a)). This fraction was approximately three-fold higher than those for
uncoated ICG-NCs and free ICG. The remainder of PEG-coated ICG-NCs was mostly
recovered from the liver (12%), lungs (6.5%), kidneys (5.7%), spleen (4%), heart (3%)
and intestine (1.7%).

The majority of administered free ICG was recovered from blood (21.5%),

intestine (21%) and liver (14%) at 15 minutes post injection. Based on the high level of
ICG recovered form the intestines, we suggest that the passage of free ICG from the liver
to the small intestine occurs as early as 15 minutes post-injection (Fig. 17(a)).
The ICG content in blood dropped for all three agents at longer post-injection times;
nevertheless, the level of PEG-coated ICG-NCs in blood remained significantly the
highest at 15, 30 and 60 minutes post-injection as compared to uncoated ICG-NCs and
free ICG. The ICG content within blood at 30 minutes post-injection of PEG-coated ICG-
NCs (Fig. 17(b)) was nearly equal to blood ICG content, 15 minutes post-injection of free
ICG or uncoated ICG-NCs (Fig. 17(a)).

At 30 minutes post injection, the amount of ICG in blood and liver dropped
dramatically to 7% and 6% respectively (Fig. 17(b)); conversely an increase in ICG
content of the intestine to 41% was observed. This rise is indicative of ICG transport to

the duodenum. In case of uncoated ICG-NCs, the amount of ICG recovered from blood,
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heart and kidneys dropped to 6.8%, 0.3% and 4.4%, respectively. However, the ICG
content remained the same in lungs and spleen. A significant increase in ICG

concentration was observed in intestine and liver at longer post injection times of

uncoated ICG-NCs (Fig. 17(b) & 17(c)).

At 30 and 60 minutes post-injection of PEG-coated ICG-NCs, the amount of ICG
dropped significantly in blood and all organs except the liver and intestine (Fig. 17(b) &
17(c)). The dramatic increase in liver ICG content from nearly 12% at 15 minutes to 22%
at 30 minutes, and 42% at 60 minutes post-injection is consistent with the whole-body
fluorescent images (Fig. 14) and the associated ROI image contrast (Fig. 15), and
illustrates the delayed uptake of PEG-coated ICG-NCs by the liver. The recovered ICG
amount from lungs, kidneys, spleen and heart decreased at 30 and 60 post injection times

of PEG-coated ICG-NCs.
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Figure 17 Estimated percentage of ICG recovered from blood, heart, kidneys, lungs,
spleen, intestine and liver of the mice injected with freely dissolved ICG in PBS,
uncoated ICG-NCs and PEG-coated ICG-NCs at (a) 15 minutes (b) 30 minutes and (c) 60
minutes post-injection. Each experiment was repeated 5 times. Error bars represent
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standard deviation. Single asterisks denote statistically significance differences between
the shown pairs with p-value < 0.05.

Spleen is one of the organs of the immune system responsible for filtering the
foreign body materials, and dead or damaged erythrocytes from blood.''? We note that
about 4% of the PEG-coated ICG-NCs was recovered from spleen at 15 minutes post-
injection. However, the recovered ICG level had a statistically significant reduction to
2% at 60 minutes post-injection. Therefore, we associate the high level of PEGylated
ICG-NCs recovered from the spleen at 15 minutes post-injection to the nanoparticles
circulating within the vasculature of spleen. In the open blood circulation system of the
spleen, the capillaries discharge openly into the pulp cord before reaching the sinusoids.
The pulp cords contain reticular cells, macrophages, plasma cells and lymphocytes.'"
The PEGylated ICG-NCs in the blood has to pass through the pulp cord before entering
the venous sinusoids. We attribute the initial rise in fluorescent signal detected from
spleen and the concentration of recovered nanocapsules from this organ to the portion of
the PEG-coated ICG-NCs passing through the pulp cord and not to the uptake by splenic
macrophages.

Lungs, as the organs receiving the entire cardiac output, are prone to nanocapsules
accumulation.'" Our results demonstrated that a statistically significant level of ICG was
recovered from the lungs (6.5%) at 15 minutes post injection of PEG-coated ICG-NCs
compared to uncoated ICG-NCs and free ICG (Fig. 17(a)). The drop in ICG content of
the lungs to 2.5% after one hour of administering the PEG-coated ICG-NCs suggests that

the particles were in the vasculature of the lungs.
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Some features of our ICG-doped nanocapsules (ICG-NCs) are: (1) spontaneous
self-assembly via green chemistry; (2) fabrication of capsules with tunable diameters in
the range of = 60 nm to 1 um; and (3) the presence of amine groups on the surface of the
constructs, which enables the covalent attachment of various moieties for molecular
targeting.

To suppress the propensity of the ICG-NCs for non-specific adsorption of
proteins, we coated them with PEG, which is widely used to produce bioinert surfaces by
suppressing non-specific interactions.'”® To attain stability of the passivation coating, we
covalently grafted the PEG chains to the amines on the surface of the nanoparticles.
Employing chemical reactions that proceed through small intermediates with quantitative
yields, such as reductive amination, ensures sufficiently well-packed PEG layers.*

The bioinertness of the PEG coatings strongly depends on the length of the
polymer chains. Our goal encompassed not only suppressing molecular-level non-specific
interactions, which can be achieved even with ethylene glycol oligomers (i.e., with 3 to 6
repeating ethylene glycol units), but also preventing non-specific adhesion at mesoscopic
(micron and sub-micron) levels. Coatings of too short PEG polymers would not provide
sufficient separation between the nanoparticle and surfaces, to which they have tendency
for non-specific adsorption. Concurrently, too long PEG chains would result in layers in
which the polymer termini have non-helical “mushroom” conformation that compromises

the ability of such coatings to suppress non-specific interactions.”

Using force
measurements, as implemented with magnetic pullers, we previously determined that

PEG with MW of 5 KDa, among the PEG molecules investigated with MW ranging
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between 1-20 KDa, provided the optimal covalently grafted coatings for suppressing non-
specific adhesion.''® The higher flexibility and mobility of low MW PEG chains result in
higher entropic repulsion between proteins and the surface.®”’® Our in vitro studies
confirmed the choice of PEG-5 KDa for passivation coatings of ICG-NCs and for
impeding their uptake by macrophages.*® Conversely, reduced flexibility of high MW
PEG chains, due to the entrapment of long chains, induces low protein resistivity. Herein,
we examine the biodistribution of ICG-NCs coated with passivation coating of PEG-5
KDa.

In previous studies by other groups, ICG-containing constructs composed of
poly(DL-lactic-co-glycolic-acid) (PLGA) whose surfaces were functionalized by both
PEG and folic acid were administered into tumor bearing mice.''''® While these studies
demonstrate the efficacy of targeted fluorescence imaging of tumors using functionalized
ICG-containing constructs, they cannot isolate the effects of ICG encapsulation, and the
additional PEGylation of the constructs in the absence of targeting moieties such as the
folic acid, in modulating the biodistribution of encapsulated ICG in a non-diseased
mammalian system.

In another study by Zheng et al, ICG was entrapped within PLGA, and the
construct in turn was coated with a lipid-2 KDa PEG-folic acid assembly.''® Although the
investigators report the utility of these structures in targeted fluorescent imaging of tumor
bearing mice, the lipid-2 KDa PEG-folic acid assembly was not covalently attached to the
inner PLGA construct. Furthermore, since PEG was simply a linker between the lipid and

the folic acid, its role in suppressing non-specific interactions is not clear.
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Saxena et al investigated the biodistribution of PLGA nanoparticles entrapping
ICG in healthy mice.""® Although these constructs were not PEGylated, the investigators
report that ICG encapsulation into these constructs resulted in nearly six times higher
ICG levels within plasma at one hour post tail vein injection in mice, as compared to non-
encapsulated ICG. In a previous study, our group reported biodistribution of ICG-NCs
coated non-covalently with dextran or 10 nm ferromagnetic iron oxide nanoparticles,
themselves individually coated with PEG, in healthy mice."”” The half-life of these
particles in blood and their circulation kinetics appeared unaffected compared to free
ICG, presumably due to the non-covalent attachment of the coating materials. Therefore,
to the best of our knowledge, our study presented here is the first aimed at characterizing
the biodistribution of encapsulated ICG in a construct system composed of an inner ICG
core entrapped by a polymeric shell with covalent outer surface PEGylation by both in-
vivo quantitative fluorescence imaging and subsequent analysis of the various extracted
organs.

Consistent with results of Saxena et al,110 we observed a similar increase in ICG
levels within plasma at one hour post injection in the case of the PEGylated ICG-NCs
(Fig. 17(c)). We did not observe any significant differences in plasma ICG levels at one
hour post-injection when administered in non-encapsulated form or as non-PEGylated
ICG-NCs.

Higher ICG levels within various organs including the spleen, heart, lungs, and
kidneys were reported by Saxena et al. when ICG was delivered in the PLGA-entrapped

form. These investigators also reported that as early as five minutes post-injection, the
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amount of ICG within the liver was nearly 2.5 times greater when it was administered in
the PLGA-entrapped form as compared to free ICG. This result suggests that entrapment
of ICG within the PLGA construct was not quite effective in delaying the accumulation
of ICG within the liver. In comparison to our results, we detected higher ICG levels
within the liver at 30 minutes post-injection with both non-PEGylated and PEGylated
ICG-NCs (Fig. 17(b)).

In addition to the lack of PEGylation in the PLGA constructs, another factor that
may be responsible for the differences between ours and those by Saxena et al. is the size
of the constructs. The reported mean diameter of the PLGA constructs is 300 nm, nearly
three times larger that the constructs used in our study. It has been indicated that
PEGylated nanoparticles smaller than 100 nm have reduced plasma protein adsorption on
their surfaces, and the blood clearance of such nanoparticles is slower than larger (> 100
nm) nanoparticles.'**'"’

Our results show that covalent coating of ICG-NCs with 5 KDa PEG can increase
blood circulation time of ICG. Our findings are consistent with reports by Ballou et al.'*’,

and Ohno et al.,121

who have indicated prolonged systemic circulation of PEGylated silica
nanoparticles in-vivo. Ballou et al. have reported dramatic increase in circulating halftime
of core-shell zinc sulfide-cadmium selenide QDs coated with PEG (5,000 Da). Their
results have demonstrated extended circulation half-life of these particles to nearly 70
minutes compared to QDs coated with shorter length (750 Da and 3,400 Da) PEG chains

with half-life of less than 12 minutes.'”” Ohno et al have reported prolonged blood half-

life (~20 hours) of PEGylated Silica nanoparticles in healthy mice with preferentially
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high accumulation in tumor tissue when injected into tumor-bearing mice.'?' Shah et al
studied the effect of PEG coating on blood retention of gold nanoparticles. They indicate
that the longer the particles stay in the systemic circulation, the chance of accumulation
in tumor increases.'*

The prolonged vascular circulation time of ICG as mediated by its encapsulation
in these constructs can open up new possibilities for further clinical applications of ICG,
which currently remain limited due to its rapid clearance from the vasculature and
accumulation in the liver. The presence of ICG combined with the ability to functionalize
the capsules provides the potential for ICG-NCs to serve as theranostic materials for
targeted optical imaging of specific molecular biomarkers of a disease, and phototherapy.
Previously, our group reported targeted fluorescence imaging of head and neck squamous
cells, cervical squamous cell, and breast cancer cell, with various expression levels of
epidermal growth factor receptor (EGFR) using anti-EGFR conjugated ICG-NCs.”* We
have also reported targeted fluorescent imaging of ovarian cancer cells using anti-HER2
functionalized ICG-NCs.'*

The ICG-NCs can potentially be used as a phototherapeutic agent by generating
heat in response to laser irradiation. In a previous study,'? our group investigated the heat
generating capability of ICG-NCs in response to 808 nm laser irradiation, and
demonstrated the ability of ICG-NC suspensions to produce temperature rises to ~80°C.
In another study," using a tissue phantom consisting of chicken breast, simulating normal
tissue, and an embedded gelatin cylinder (simulating abnormal vasculature mass) loaded

with ICG-NCs, we observed a nearly 20°C temperature rise within the gelatin cylinder at
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depth of 3 mm below the surface in response to laser irradiation at 808 nm with incident
power of 4.2 W. These results demonstrate the ability of ICG-NCs to induce a
temperature rise in response to laser irradiation when embedded within an optically turbid
tissue-like structure. In another study,” we demonstrated the capability of ICG-NCs

coated with anti-EGFR in photothermal destruction of cancer cell lines.

3.4 CONCLUSION

In summary, the biodistribution of ICG-NCs coated with 5 KDa PEG in mice, as
assessed by whole-body fluorescent imaging and individual organ uptake analysis,
indicates prolonged vascular circulation time and delayed hepatic accumulation of these
particles as compared to the uncoated constructs and non-encapsulated ICG.
Encapsulation of ICG in such PEGylated constructs can potentially extend the current

clinical applications of ICG as a result of its increased bioavailability.
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CHAPTER 4: Development of Anti-HER2 Conjugated 1CG-
loaded Polymeric Nanoparticles for Targeted Optical Imaging

of Ovarian Cancer

4.1 INTRODUCTION

Ovarian cancer is the deadliest type of gynecological cancer in the United States
due to nonspecific symptoms in the early stages.”>'** Although the 5-year survival rate of
ovarian cancer in the early and localized stages is 94%, but the current screening methods
can only diagnose 15% of all cases. The remaining majority of cases are diagnosed at
advance stages when the 5-year survival rate can even decrease to 28%.”'** The low
survival rate is attributed in part to effectiveness of the therapy at advance stages. The
current therapeutic methods are surgery, cytoreduction or complete removal of ovaries,
followed by chemotherapy. The challenge in cytoreduction surgery is successful
detection and removal of all the tumor masses specially the ones smaller than 3 mm in
diameter.”* Current screening methods including CT, CT/PET, MRI or visual inspection
won’t be able or are not accurate in detecting very small tumor masses. The recognition
that novel imaging techniques may have the potential to enhance prognosis and treatment
of ovarian cancer and reduce the mortality, prompts development of enhanced and
targeted imaging methods. Targeted fluorescence intraoperative imaging utilizing
fluorescent probes could be one approach to enhance visualization of small tumor

l’l’laSSGS.z5
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Near infrared imaging probes are one category of probes with outstanding
potential in imaging biological tissues owing to low absorption and scattering of light in
this imaging window. The penetration depth of near infrared light in biological tissues
could be up to several centimeters facilitating visualization of non-superficial tissue
abnormalities.””®' Our group has previously reported development of near infrared
theranostic nanoagents with applications in optical diagnostic and laser-induced

13.13.738586.125 These theranostic nanoagents are polymeric nanocapsules

phototherapy.
loaded with indocyanine green (ICG-NCs), the only FDA approved NIR chromophore.
The distinctive features of ICG-NCs are: (1) fabrication through green chemistry self-
assembly, (2) tuning the diameter of ICG-NCs between 50 nm- 1 um during the synthesis
process, and (3) multi-functionality through covalent coupling of the targeting moieties to
the surface of ICG-NCs. Monoclonal anti-epidermal growth factor receptor2 (anti-HER2)
is a suitable candidate for targeting ovarian cancer, since not only HER2 receptors are
over expressed in ovarian cancer cells but also the over-expression is specifically
associated with increased risk of progression and death.'**"'**

Here in this study, we have investigated the effectiveness of covalent coupling of
monoclonal anti-HER2 to the surface of ICG-NCs in targeted fluorescent imaging and
laser-based phototherapy of ovarian cancer. Previously, we have demonstrated prolonged
vascular circulation time and delayed hepatic accumulation of ICG-NCs when they were
covalently coated with poly ethylene glycol (PEG, MW = 5000 Da) in mice.'”> We used

same covalent coupling strategy to conjugate antibody to the surface of ICG-NCs using

PEG chains. We modified the PEG layer on the surface of ICG-NCs by utilizing two
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different PEG molecules, single aldehyde terminated PEG (PEG-ALD, MW = 5000 Da)
and double aldehyde terminated PEG (ALD-PEG-ALD, MW = 10,000 Da). The
monoclonal anti-HER2 was conjugated to the surface of ICG-NCs through double
aldehyde terminated PEG molecules. We investigated targeted imaging potentials of anti-
HER2 functionalized ICG-NCs to ovarian cancer cells using fluorescent confocal
microscopy and two mammalian ovarian cancer cells lines with high and low levels of
HER?2 receptor expression. We further studied ICG-NCs mediated photodestruction of

ovarian cancer cells in-vitro.

4.2 MATERIALS AND METHODS

4.2.1 Fabrication of ICG-loaded Nanocapsules

Sodium phosphate dibasic heptahydrate (Na,HPO,.7H,O, Fisher Scientific),
poly(allylamine) hydrochloride (PAH, Sigma-Aldrich), indocyanine green (Sigma-
Aldrich), methoxy-poly(ethylene glycol)-butyraldehyde (PEG-ALD, MW = 5000 Da,
Laysan Bio Inc.) and butyraldehyde-poly(ethylene glycol)-butyraldehyde (ALD-PEG-
ALD, MW = 10,000 Da, Laysan Bio Inc.), Sodium dithionite (Na,S,0,, Sigma-Aldrich),
and phosphate buffer saline (PBS, Fisher BioReagents), monoclonal antibody to HER-2
(anti-HER?2, Diagnostic Biosystems Inc.) were used as purchased.

Two different human ovarian cancer cell lines, SKOV3 cell line (ATCC®) and
OVCARS3 cell line (ATCC®) were cultured separately in McCoy's Sa Medium Modified

supplemented with 10% fetal bovine serum, and 1% penicillin.
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4.2.2 ICG-NCs Synthesis and Antibody Conjugation

The polymeric nanocapsules (NCs) were fabricated through ionic cross-linking
between Pollyallylamine hydrochloride (PAH) chains and sodium phosphate ions. The
ICG was loaded into the NCs through a diffusion-mediated step to form ICG-NCs. We
have previously reported fabrication of ICG-NCs in details.'®*® In order to covalently
conjugate anti-HER2 antibody to the surface of ICG-NCs, we use Polyethylene glycol
(PEG) as a linker. We coat the surface of ICG-NCs with single and double aldehyde
terminated PEG to reduce non-specific protein adsorption to the surface of ICG-NCs.
Besides creating non-fouling surface, the double aldehyde terminated PEG chains are
used as linker to covalently conjugate anti-HER2 to ICG-NCs. The anti-HER2 antibody
was added to the PEGylated ICG-NCs followed by addition of sodium dithionite as the
reducing agent. The suspension was gently mixed for 10 seconds and aged 1 hour at 4 °C
followed by a washing step using centrifugation twice. The anti-HER2 PEG-ICG-NCs

were resuspended in PBS and stored at 4 °C in dark.
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Scheme 2 Schematic of covalent conjugation of the anti-HER2 antibody to PEGylated
ICG-NCs
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4.2.3 Characterization of functionalized ICG-NCs

The hydrodynamic diameter and zeta-potential of non-functionalized and anti-
HER?2 functionalized ICG-NCs was measured using a Zetasizer nanoseries (NanoZS90).
The absorption spectra of non-functionalized and functionalized ICG-NCs were obtained
using a UV-Visible spectrophotometer (Cary 50 UV-Vis spectrophotometer) with optical
pathlength of 1 cm. The fluorescence spectra of ICG-NCs in response to 680 nm
excitation with a 450 W xenon lamp were measured using a fluorometer (Fluorolog-3
spectrofluorometer, Horiba Jobin Yvon).

4.2.4 Fluorescence Microscopy Sample Preparation

To prepare samples for fluorescence microscopy, 100 ul of SKOV3 or OVCAR3
cell suspension in fresh media (=10° cells/ml) was added to each well of a 96-well flat-
bottomed micro-titer plate. The cells suspensions were incubated at 37 °C supplied with
5% CO; over night to ensure adherence of the cells to the bottom of the plate. The next
day, the old culture media was replaced with fresh media and 100 pl non-functionalized
ICG-NCs and anti-HER2 PEG-ICG-NCs were added to different wells.

The samples were incubated at 37 °C supplied with 5% CO, for two hours to
prepare samples for confocal fluorescence microscopy. Similar procedure was followed
to prepare samples of SKOV3 and OVCAR3 cells to be incubated with non-
functionalized and anti-HER2 PEG-ICG-NCs at 4 °C for three hours. The cells were
washed twice with cold PBS and incubated with 4',6-diamidino-2-phenylindole (DAPI)

for 10 minutes to stain cell nuclei prior to fluorescence imaging.
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We used an Atto Pathway High Throughput Automated Confocal Imager to
fluorescently image the cells incubated with functionalized ICG-NCs at 37 °C. An
excitation wavelength of 740 nm and a long pass emission filter (>780 nm) were used to
acquire near infrared (NIR) images. The camera exposure time was set at 1 seconds. The
nucleus of the cells, labeled with DAPI, was imaged using an excitation wavelength of
350 nm and a long pass filter (>400).

We used another fluorescent microscope to image SKOV3 and OVCAR3 cells
incubated with functionalized ICG-NCs at 4 °C. The fluorescence emission from DAPI
(in the range of 435-485 nm) was collected in response to 360 = 20 nm excitation. The
NIR emission (>770 nm) was captured through a long pass filter with an electron

multiplier gained CCD camera (Quant EM- CCD, Hamamatsu).

4.2.5 Flow Cytometry Sample Preparation

A BD flow cytometer (BD FACSAria cell sorter) was used to characterize
interaction of the functionalized ICG-NCs with SKOV3 cells. SKOV3 cells were cultured
in 12 wells plates a night before the experiments to ensure cell density of 10° cells/ml.
The following day, SKOV3 cells were incubated with free ICG, functionalized and non-
functionalized ICG-NCs for various time intervals ranging between 30 minutes to 3 hours
in dark at 37 °C supplied with 5% CO,. We used cells without ICG-NCs or free ICG as
negative control. Following each incubation time, cells were washed with PBS twice
through centrifugation (1200 rpm for 4 min) and resuspended in PBS. Propidium iodide
(PI) was used to identify dead cells in order to exclude them from the analysis. The

prepared samples were analyzed using 633 nm excitation and 785 nm emission
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wavelength for ICG detection.

4.2.6. Laser-based Phototherapy Sample Preparation

We measured photothermal response of the functionalized ICG-NCs to NIR
irradiation prior to investigating photo-destruction capability of ICG-NCs. A continuous
wave near-infrared 808 nm diode laser with irradiation spot diameter of 2.2 mm, and
incident irradiance (I,) of 19.7 W/cm® was used to irradiate ICG-NCs samples.
Functionalized and non-functionalized ICG-NCs and free ICG samples were prepared in
concentrations that yielded same absorbance values at 808 nm in all three samples. PBS
was irradiated as the negative control. The temperature changes after irradiation of 120 pl
of each sample was measured using a negative temperature coefficient thermistor (20 kV,
Vernier) connected to a Vernier LabQuest placed 2 mm outside the irradiation spot.

In order to study photo-destructive capability of functionalized ICG-NCs, we
cultured SKOV3 cells in 96-well-plate over night to yield cell density of 10° cells/ml.
The next day, cells were incubated with anti-HER2 functionalized ICG-NCs, non-
functionalized ICG-NCs and freely dissolved ICG in PBS, in separate wells for three
hours in dark at 37 °C supplied with 5% CO, to ensure uptake of nanocapsules by
ovarian cells. Cells were washed twice with PBS prior to laser irradiation experiments.
The cells incubated with PBS were irradiated as negative control. Each well was
irradiated at two different spots (each spot diameter 5 2.2 mm) for 200 s. Cells were
stored for two hours post irradiation at 37 °C supplied with 5% CO2. Cell damage in each
well was analyzed using a live/dead assessment kit for mammalian cells (L3224,

Invitrogen) and a fluorescent microplate reader (Molecular Devices FlexStation II 384,
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Harlow Scientific). Specifically, live cells were identified using Calcein (Acxcitation = 494
nm, Aemission = 517 nm) and dead cells using Ethidium homodimer-1 ((Aexcitation = 528 nm

and Aemission = 617 nm).
4.3 RESULTS AND DISCUSSION

4.3.1. Characterization of nanoparticles

We have measured diameter of the non-functionalized ICG-NCs and anti-HER2
functionalized ICG-NCs using dynamic light scattering (Fig. 18(a)). The estimated mean
diameter of ICG-NCs increases from 58 nm to 102 nm after PEGylation of ICG-NCs
surface and conjugation of anti-HER2. Upadhyayula et al. have measured the average
thickness of PEG layers with different molecular weights using spectroscopic
elipsometry.''® They have measured the thickness of the 10,000 Da PEG layer about 33
nm. Our results are consistent with their result showing about 44 nm increase in diameter
of ICG-NCs due to both PEGylation and conjugation of antibody.
The absorption spectrum of non-functionalized and anti-HER2 functionalized ICG-NCs
consists of two broadened spectral peaks at 730 nm and 810 nm in NIR region.
Absorption spectrum of anti-HER2 functionalized ICG-NCs confirms conjugation of
antibody to the nanoparticles as evidenced by presence of amino acids signature peaks in
UV region (Fig. 18(c)).

The fluorescent emission spectra of non-functionalized and anti-HER2
functionalized ICG-NCs in response to photo-excitation at 680 nm have been shown in

Fig. 18(d). The spectral peaks of fluorescence for anti-HER2 functionalized ICG-NCs are
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at 792 nm and 700 nm and correspond to the monomeric form and aggregated form of

ICG within nanoparticles, respectively. The monomeric spectral fluorescence peak of

anti-HER2 functionalized ICG-NCs shows a slight red shift compared to non-

functionalized ICG-NCs.
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Figure 18 (a) Diameter distribution of non-functionalized and anti-HER2 functionalized
ICG-NCs measured by dynamic light scattering. Circles and squares presents mean of
three different measurements. The curves are fitted Gaussian and Lognormal functions to
the non-functionalized and anti-HER2 functionalized ICG-NCs, respectively. (b) Zeta-
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potential of non-functionalized and anti-HER2 functionalized ICG-NCs suspended in
PBS. Each bar presents mean of three different measurements and error bars are showing
single standard deviation. (c) Absorption spectra of non-functionalized and anti-HER2
functionalized ICG-NCs. (d) Normalized fluorescence spectra of non-functionalized and
anti-HER2 functionalized ICG-NCs in response to 680 nm photo-excitation. Emission
spectra were smoothed using IGOR Pro software with second order binominal algorithm.

4.3.2 Fluorescent Confocal Imaging of Ovarian Cancer Cells

Confocal fluorescent images of ovarian cancer cells (SKOV3) after two hours of
incubation with freely dissolved ICG in PBS, non-functionalized ICG-NCs and anti-
HER2 functionalized ICG-NCs at 37 °C has been presented in Fig.19. The maximum
NIR emission intensity was recorded from SKOV3 cells incubated with anti-HER2
functionalized ICG-NCs (Fig. 19(j)). The overlay of the confocal fluorescent NIR and
DAPI images of the cells incubated with anti-HER2 functionalized ICG-NCs illustrates
internalization of particles with localization around nuclei of the ovarian cancer cells
(Fig. 19(1)). However, SKOV3 cells incubated with freely dissolved ICG and non-
functionalized ICG-NCs emitted none or very minimal NIR signal. This result indicates
enhanced uptake of anti-HER2 functionalized ICG-NCs by Ovarian cancer cells
(SKOV3) compared to very minimal uptake of non-functionalized ICG-NCs by same

cells.
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Bright Field NIR DAPI Overlay

Figure 19 Bright field, and false-color confocal fluorescent images of ovarian cancer cells
(SKOV3) after 2 hours of incubation with (a-d) freely dissolved ICG in PBS, (e-h) non-
functionalized ICG-NCs and (i-1) anti-HER2 functionalized ICG-NCs. (Scale bar = 20

pm)

4.3.3 Fluorescent imaging of SKOV3 and OVCAR3 cells

To confirm specific interaction between anti-HER2 functionalized ICG-NCs and
HER2 receptors on the surface of ovarian cells, we incubated two different ovarian
cancer cells line with high (SKOV3) and low (OVCAR3) levels of HER2 receptor
expression,'”” with functionalized ICG-NCs. The fluorescent images of SKOV3 and
OVCAR3 cells incubated with freely dissolved ICG in PBS, non-functionalized 1CG-
NCs and anti-HER2 functionalized ICG-NCs for three hours at 4 °C are shown in Fig. 20.
The incubation temperature of 4 °C was chosen to prevent non-specific endocytosis of
either non-functionalized or anti-HER2 functionalized ICG-NCs by ovarian cancer cells.

The cells were washed twice with cold PBS prior to imaging. The overlay of the NIR



fluorescent image and visible fluorescent image of the SKOV3 cells incubated with anti-
HER2 functionalized ICG-NCs revealed localization of functionalized particles at
SKOV3 cell membrane. This phenomenon can be noticeably visualized in Fig. 20(f) as
the red ring represents the cell membrane. On the contrary, minimal NIR signal was
detected from the membrane of the OVCAR3 cells incubated with anti-HER2
functionalized ICG-NCs (Fig. 20(d)). These results suggest that interaction of anti-HER2

functionalized ICG-NCs with SKOV3 cells are specific and receptor mediated.

Anti-HER2
Free ICG Non-functionalized functionalized
ICG-NCs ICG-NCs

a) o)) c)
OVCARS cell line
low HER2 expression
e)
SKOV3 cell line
high HER2 expression

Figure 20 Fluorescent images of OVCAR3 cells incubated with media containing (a)
freely dissolved ICG in PBS, (b) non-functionalized and (c) anti-HER2 functionalized
ICG-NCs and SKOV3 cells incubated with media containing (a) freely dissolved ICG in
PBS, (b) non-functionalized and (c) anti-HER2 functionalized ICG-NCs at 4 °C for three
hours. Cells nuclei were stained by DAPI and falsely colored in blue using Imagel
software. The NIR fluorescent signal from ICG was falsely colored in red. The scale bars
correspond to 10 um.
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4.3.4 Characterization of ovarian cancer cells targeting by anti-HER?2 functionalized
ICG-NCs

We investigated the concentration of ICG at different times post incubation (30
min, 1 hr, 2 hr and 3 hr) in SKOV3 cell populations using flow cytometry (Fig. 21 (a)-
(d)). The population distribution of SKOV3 cells incubated with anti-HER2
functionalized ICG-NCs demonstrates a shift to the right (higher ICG fluorescent signal)
as incubation time increases. Moreover, at all different incubation times, notably larger
population of SKOV3 cells were detected in ICG fluorescent channel. The population
distribution of SKOV3 cells incubated with non-functionalized ICG-NCs was very close
to the negative control at 30 minutes and 1 hour post incubation. The cell count increases
at 2 hours post injection with non-functionalized ICG-NCs, however, the ICG fluorescent
signal of the cells remained low. The most intense peak in all different incubation times

was associated with cells incubated with anti-HER?2 functionalized ICG-NCs for 3 hours.
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Figure 21 Characterization of anti-HER2 functionalized ICG-NCs by ovarian cancer cells
(SKOV3) using flow cytometry. (a) Histogram of ICG fluorescent signal for population
of SKOV3 cells incubated with anti-HER2 functionalized ICG-NCs (red), non-
functionalized ICG-NCs (blue), free ICG (green) and media containing none of these
reagents (black, negative control) for (a) 30 minute, (b) 1 hour, (c¢) 2 hours, and (d) 3
hours. (e) Percentage of ICG positive cells after incubation with free ICG, non-
functionalized and anti-HER2 functionalized ICG-NCs for 30 min, 1 hr, 2 hr and 3 hr.
Each bar represent mean of measurement in three different samples. Error bars are
presenting single standard deviation. Asterisks denote statistically significant difference
in the percentage of ICG positive cells when cells were incubated with anti-HER2
functionalized ICG-NCs as compared to non-functionalized ICG-NCs, free ICG or
negative control.

In order to quantify number of SKOV3 cells emitting NIR signal, we use
percentage of ICG positive cells defined as the ratio of cells emitting NIR signal to the
total number of cells. The highest percentage of ICG positive cells, 76%, was detected in
cells incubated with anti-HER?2 functionalized ICG-NCs for 3 hours (Fig. 21(e)). This
number was almost 4 times higher than percentage of ICG positive cells when cells
where incubated with non-functionalized ICG-NCs for 3 hours. The highest percentage of
ICG positive cells at all post incubation times was associated with cells incubated with

anti-HER2 functionalized ICG-NCs and the percentage increased significantly by

increasing incubation time.

4.3.5 Laser-induced photodestruction of ovarian cancer cells

The temperature rise due to continuous laser irradiation of functionalized and
non-functionalized ICG-NCs has been shown in Fig. 22(a). The samples were prepared
with concentration of ICG to yield same absorbance value at 808 nm. Same volume of
each sample was irradiated for 200 seconds and temperature was measured 2 mm outside

the irradiation spot. A rapid temperature rise was observed in the first 100 seconds of
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irradiation of functionalized and non-functionalized ICG-NCs and freely dissolved ICG,
which was followed by a slow decay in the next 100 seconds. The highest temperature
recorded for each sample was 52 °C, 52 °C and 50 °C for anti-HER2 functionalized ICG-
NCs, non-functionalized ICG-NCs and freely dissolved ICG, respectively. Temperature
measurements indicate photothermal response of the ICG-NCs in response to continuous
808 nm laser irradiation. The maximum temperature rises reported above are not the
actual temperature rise in the irradiation spot since it was recorded 2 mm outside the
irradiation spot.

To evaluate potential ICG-NCs-mediated photodestruction of ovarian cancer
cells, we incubated SKOV3 cells with five different dosages of anti-HER2
functionalized, non-functionalized ICG-NCs or freely dissolved ICG for three hours. The
cells were washed twice with cold PBS prior to laser irradiation at 808 nm with
irradiance of 19.7 W/cm?® for 200 seconds. Each sample was irradiated at two different
spots with the irradiation parameters mentioned above. We used SKOV3 cells not
exposed to ICG-NCs or free ICG as negative control. Using the mammalian live/dead
assay, our results indicated that anti-HER2 functionalized ICG-NCs are capable of
photothermally destructing ovarian cancer cells (Fig. 22(b)). Anti-HER2 functionalized
ICG-NCs with concentration of 4X resulted in 85.5% ovarian cancer cell dead which was
the highest percentage of cell destruction among all samples and concentrations and was
2 times higher than cell dead caused by non-functionalized ICG-NCs. Decreasing the
concentration of anti-HER2 functionalized ICG-NCs to 2X resulted in 55% cell dead,

however, same concentration of non-functionalized ICG-NCs caused only 30% cell dead.
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There was a statistically significant difference (p-value < 0.005) between the percentage
of ovarian cancer cells photothermally destroyed after incubation with all five different
concentrations of anti-HER2 functionalized ICG-NCs and those cell incubated with non-
functionalized ICG-NCs, free ICG and control. These results are very promising in
demonstrating capabilities of anti-HER2 functionalized ICG-NCs as theranostic agents

for NIR fluorescent imaging and photothermal therapy of ovarian cancer cells.
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Figure 22 (a) Photothermal response of freely dissolved ICG in PBS, non-functionalized
and anti-HER?2 functionalized ICG-NCs and PBS solution (negative control) in response
to continuous 808 nm laser irradiation with intensity of 19.7 W/cm?. (b) Percentage of
ovarian cancer cells (SKOV3) photothermally destroyed by anti-HER2 functionalized
ICG-NCs and continuous 808 nm laser irradiation. Cells were incubated with five
different concentrations of free ICG or non-functionalized or anti-HER2 functionalized
ICG-NCs for three hours. SKOV3 cells incubated with PBS were used as negative
control. The cell injury was assessed using mammalian live/dead assay kit and a
fluorescence microplate reader. Two different spots were irradiated in each sample, each
for 200 seconds. Bars represent mean of three different samples and error bars are
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presenting single standard deviation. Asterisks denote statistically significant difference
in the percentage of cells destroyed by anti-HER2 functionalized ICG-NCs as compared
to non-functionalized ICG-NCs, free ICG or PBS.

4.4 CONCLUSION

Here, we have demonstrated successful covalent coupling of HER2 receptor
antibody to the surface of ICG loaded polymeric nanocapsules using PEG chains as
linkers and reductive amination procedure. The presence of amine groups on the surface
of these constructs acts as a suitable platform for attaching targeting moieties and enables
covalent conjugation on the surface of ICG-NCs.

In a previous study by our group, we reported laser-induced photothermal
destruction of three different cancer cell lines, human head and neck squamous cells,
human cervical squamous cells, and cancerous human breast cells, using anti-EGFR
coated ICG-NCs.'® However, the monoclonal EGFR antibody was coated on the surface
of ICG-NCs through physisorption and EGFR receptors were targeted on the surface of
carcinoma cells. We were motivated by the results of this study to intensely investigate
optical imaging and laser-mediated photothermal therapy applications of functionalized
ICG-NCs using modified covalent antibody-coupling procedures.

In another study, we investigated the heat-generation capability of ICG after being
loaded into polymeric mesocapsules (MCs) in response to 808 nm laser irradiation and
observed that ICG retains its heat generation ability."> Additionally, efficiency of ICG-
loaded MCs to induce thermal damage was studied using tissue phantoms. The tumorous

tissue was simulated using cylindrical phantoms made of gelatin and intralipid loaded
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with ICG-MCs. The cylindrical phantoms were embedded within fresh chicken breast
tissue. Temperature rises up to 20 °C were measured within the phantom 3 mm below the
surface in response to continuous 808 nm laser irradiation with 4.2 W power." The
results of this study were promising since demonstrating the ability of ICG-MCs to
generate heat in an optically turbid media simulating human tissue in response to NIR
laser irradiation.

The anti-HER2 functionalized ICG-NCs are providing a platform for active
targeting, deep optical diagnostic and photothermal therapy of ovarian cancer
simultaneously. We have developed these nanotheranostis using ICG as the only agent
providing fluorescent imaging and laser-induced heat generation. Using anti-HER2
receptor antibody offers specific targeting toward cells with overexpression of HER2
receptor. Our results demonstrated that endocytosis of our anti-HER2 conjugated 1CG-
NCs by Ovarian cancer cells is receptor-mediated. The fluorescent microscopy images of
SKOV3 and OVCAR3 cells at 4 °C revealed elevated binding of anti-HER2
functionalized ICG-NCs by higher HER2 receptor expressed SKOV3 cells compared to
OVCAR3 cells. Almost minimal binding was observed for non-functionalized ICG-NCs
to either of the cell lines. Therefore, these theranostic nanoparticles have promising
application in targeting the cells with high levels of HER2 receptor and evading healthy
cells. Furthermore, post active targeting of overexpressed HER2 receptor cells; these
theranostic nanoparticles can induce heat in response to NIR laser irradiation and cause
thermal damage to the cells. Fortunately, the thermal damage can be restricted to the

ovarian cells only due to initial evasion of healthy cells by functionalized nanoparticles.
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Having said all the advantages of utilizing these theranostic nanoparticles for diagnosis
and treatment of ovarian cancer, further in-vivo studies need to be done to demonstrate

ability of such constructs for intraoperative diagnostic and therapeutic applications.
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CHAPTER 5: Erythrocyte-derived photo-theranostic agents:
hybrid nano-vesicles containing indocyanine green for near

infrared imaging and therapeutic applications

5.1 INTRODUCTION

Transduction of light by specific molecules into other types of energy such as
heat, chemical energy, and acoustic waves, has provided the basis for the development of
photothermal therapy and photodynamic therapy (PDT) procedures, as well as diagnostic
methods based on fluorescence and photoacoustic imaging. The use of near infrared
(NIR) wavelengths (A), particularly in the range of =~ 650-1450 nm, is especially
advantageous since in this “optically transparent window,” light can penetrate relatively
deeply into biological materials as there is minimal photons absorption by endogenous
molecules.'*’

Delivering NIR-transducing exogenous materials to a particular target of interest
(e.g., abnormal vasculature, tumor mass) provides an approach to enhance the local
optical absorption of the target. Once activated by NIR light, the exogenous material may
be used as a photo-theranostic agent to enhance both the optical contrast of the target, and
phototherapeutic efficacy, particularly in deeply seated targets.

A particular NIR-transducing molecule is Indocyanine green (ICQG)
(C43H47N2NaOgS,; molecular weight = 775 Da). It is composed of two polycyclic
(benzoindotricarbocyanine) lipophilic moieties, linked with a polyene bridge. A sulfonate

group, bound to the nitrogens of each polycyclic part, provides net negative charge and
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water solubility. Therefore, the entire molecular structure leads to amphiphilic
characteristics of ICG.
ICG’s medical applications began in late 1950’s for measurements of

139 and soon after it was

cardiovascular output to characterize valvular and septal defects,
used to assess hepatic function.”' It received supplemental approval by United Stated
Food and Drug Administration (FDA) for ophthalmic angiography in 1975. In
ophthalmological applications, ICG is recommended for imaging selective chorioretinal
disorders including suspected polypoidal choroidal neovascularization (CNV), chronic
central serous chorioretinopathy (CSC), and choroidal hemangioma.’” To-date, ICG
remains the only NIR dye approved by FDA for cardiocirculatory measurements, liver
function tests, and ophthalmological imaging.

In addition to its current clinical utility, ICG has been investigated for sentinel
lymph node mapping in patients with melanoma, prostate, breast, and other types of

cancer.>>1% TIts

utility in fluorescence-guided PDT of choroidal disease has also been
reported.”**"*7 Additionally, ICG has been studied for potential phototherapeutic
applications including treatment of CSC,"** cutaneous hypervascular malformations,'*’
and PDT of choroidal melanoms.'*

Despite usage in clinical medicine, ICG’s major drawbacks are its short half-life
within plasma (= 2-4 minutes), and exclusive uptake by hepatic parenchymal cells
followed by biliary excretion. Given its amphiphilic nature, ICG binds to various

molecular species including albumin, and high- and low-density lipoproteins within the

vasculature. Given these limitations, the potentials of this clinically-proven exogenous
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material as a theranostic agent for broader medical applications, which may require
extended circulating lifetimes, remain limited.

Encapsulation has been investigated to shield ICG from non-specific interactions
within the plasma, and extend its circulation time in the vasculature. Our group has
reported that encapsulation of ICG into synthetic polymer-based nano-constructs
enhances the contrast of in vivo fluorescent images from the heart and lungs for at least
up to 90 minutes,'* and delays maximal hepatic accumulation to at least 60 minutes after
tail vein injection in mice.'?

Recently, attention has been given to the use of biological materials as platforms
for the delivery of therapeutic or imaging agents. We have reported the use of genome-
depleted plant infecting brome mosaic virus doped with ICG as a nano-construct for NIR
fluorescence and photoacoustic imaging.'*""'**

Mammalian cells, particularly erythrocytes, present another type of biological
vectors for the delivery of therapeutic and imaging agents.'**° In relation to cell-based
imaging, hemoglobin-depleted red blood cells (erythrocyte ghosts (EGs)) have been used
to encapsulate iron oxide for potential magnetic resonance imaging (MRI)
applications.'*'* Gold nanoparticles have been incorporated into human erythrocytes to
produce tracers with enhanced contrast for potential dynamic X-ray imaging of blood
flow."™* Fluorescein isothiocyanate, a non-NIR dye, has been successfully loaded into
EGs having diameters of = 5 pum, with the intention of developing such constructs as
plasma analyte or extracellular pH sensors."”""'** Flower et al. recently loaded ICG into

micron-sized EGs, and utilized the constructs as a fluorescent analogue of erythrocytes to
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characterize the movement of erythrocytes in retinal capillaries and choriocapillaris of
monkeys and rabbits.'*?

Here, we report the first proof-of-principle to demonstrate the successful
engineering of ICG-loaded nano-sized vesicles derived from EGs, and their utility as
photo- theranostic agents for fluorescence imaging and photothermal destruction of cells.

We refer to these nano-vesicles as near infrared erythrocyte-mimicking transducers

(NETSs).

5.2 MATERIALS AND METHODS

5.2.1 Fabrication of NETs

The schematic of the NETs fabrication procedure is shown in Fig. 23. We
collected whole blood from mice through cardiac puncture using heparin coated tube and
syringe. Whole blood was centrifuged at 800xg for five minutes at 4 °C to separate the
erythrocytes. The erythrocytes were then washed in 1 ml of cold 1x phosphate PBS (310
mOsm, pH=8), and centrifuged at 800xg for five minutes at 4 °C. Subsequently, 500 ul
of packed erythrocytes were suspended in one ml of hypotonic buffer (0.25xPBS buffer
solution, 80 mOsm, pH=8) and incubated at 4 °C for 20 minutes. The erythrocytes were
centrifuged at 800xg for five minutes at 4 °C to separate the hemoglobin. The resulting
erythrocyte ghosts (EGs) were sonicated in an ice bath sonicator at 60 W for five
minutes. The EGs were extruded 20 times through 400 nm polycarbonate porous
membranes, followed by 20 more extrusions through 100 nm polycarbonate porous

membranes using an Avanti mini extruder.
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Figure 23 Schematic of NETs fabrication process. Erythrocytes isolated from whole
blood were re-suspended in hypotonic buffer for 20 minutes followed by centrifugation to
separate the hemoglobin. The erythrocyte ghosts (EGs) were sonicated and extruded 20
times through 400 nm polycarbonate porous membranes, followed by 20 additional 20
extrusions through 100 nm membranes. ICG dissolved in phosphate buffer saline (PBS)
was added to the EGs suspended in the hypotonic buffer solution.

To load ICG into the EGs, 300 ul of EGs suspended in PBS was incubated with
300 pl of ICG (500 pg/ml = 0.65 mM) dissolved in PBS and 300 pl of hypotonic buffer
(Na,HPO4/NaH,;PO,4, 140 mOsm, pH=8) for five minutes at 4 °C in dark. The suspension
was then centrifuged, and washed twice at 14,000xg for 10 minutes at 4 °C. The ICG-

loaded EGs were re-suspended in cold 1xPBS buffer solution to restore tonicity.

5.2.2 Characterization of NETs

The hydrodynamic diameters of NETs suspended in PBS were measured by
dynamic light scattering (Zetasizer NanoZS90, Malvern Instruments Ltd). To prepare
samples for TEM, a drop of NETs suspension in PBS was placed on a carbon-coated grid

for 10 minutes. The grid was rinsed twice with distilled water. To stain the NETs, a drop
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of 1% uranyl acetate solution was deposited on the grid and dried in air. The grid was
imaged using a Philips TECNAI 12 Transmission Electron Microscope. The absorption
spectra of NETs suspended in 2.4 ml of PBS were obtained using a UV-Visible
spectrophotometer (Jasco-V670 UV-Vis spectrophotometer) with optical pathlength of 1
cm. The fluorescence spectra of NETs in response to 650 nm excitation with a 450 W
xenon lamp were obtained using a fluorometer (Fluorolog-3 spectrofluorometer, Horiba

Jobin Yvon). We obtained the normalized fluorescence spectra { (A) as:

F@)
CM= 170

where A and F are the wavelength-dependent absorbance, and intensity of the emitted

fluorescent light, respectively.

5.2.3 Fluorescence microscopy imaging of human dermal microvascular (HDME)
endothelial cells

To illustrate the effectiveness of NETs as photo-theranostic agents, we utilized
HDME cells (ATCC®) as model cell systems for fluorescence imaging and photothermal
destruction. We cultured the HDME cells in 96 well culture plates containing vascular
cell basal medium supplemented with 5% Fatal Bovine Serum (FBS) and endothelial cell
growth Kit-VEGF for 24 hours in advance of imaging to ensure adhesion and cell density
growth to =106 cells/ml. The cells were then incubated with complete vascular cell basal
media containing NETs or 13 uM ICG (control) for three hours. We then washed the
cells incubated with NETs or free ICG twice with PBS prior to imaging. The cells nuclei

were stained using 4',6-diamidino-2-phenylindole (DAPI). The fluorescence emission
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from DAPI in the range of 435-485 nm was collected in response to 360 = 20 nm
excitation. In response to photo-excitation by a Nikon Mercury/Xenon are lamp
providing light over the 740435 nm spectral band, the NIR emission (>770 nm)
transmitted through a long pass filter was captured using an electron multiplier gained
CCD camera (Quant EM- CCD, Hamamatsu) at integration time of 0.1 s and gain of 1.0.
Photothermal response and photostability of NETs, and photodestruction of HDME cells.
To investigate the photothermal response of the NETs, we used a continuous wave near-
infrared 808 nm diode laser with irradiation spot diameter of 2.2 mm, and incident
irradiance (L) of 19.7 W/cm”. NETs suspended in PBS, and ICG dissolved in PBS were
prepared in concentrations that gave the same absorbance value at 808 nm for both
samples. As the negative control sample, we irradiated the PBS solution at the same
irradiation parameters as above. Same volume of each sample (120 pl) was irradiated,
and temperature changes were measured using a negative temperature coefficient
thermistor (20 kQ, Vernier) connected to a Vernier LabQuest placed 2 mm outside the
irradiation spot.

We investigated the photostability of the NETs by collecting their absorption
spectra following laser irradiation of 120 ml of the NETSs suspensions for various radiant
exposure times (60, 90, 140, and 200 s) at 808 nm and I, = 19.7 W/cm®. Additionally, we
performed a cyclic laser irradiation, and measured the resulting temperature response.

To investigate the photo-destructive capability of the NETs, we cultured the HDME cells
in a 96 well-plate as described above. On the following day, cells were incubated with

200 pl of NETs suspended in PBS, or 200 pul (13 uM) of free ICG dissolved in PBS, in
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separate wells for three hours in dark at 37 °C supplied with 5% CO,. These levels of
NETs or ICG were used to ensure the same absorbance value (0.6) at 808 nm in both
NETs- and ICG-treated cells. Both the NETs- and ICG-treated cells were washed twice
with PBS prior to laser irradiation experiments. We irradiated the cells incubated in PBS
as negative control agent. Each well was irradiated at three different spots (each spot
diameter = 2.2 mm), for 200 s. By using three spots, approximately 80% of the cells
could be irradiated. Cells were stored for two hours post irradiation at 37 °C supplied
with 5% CO,. The live/dead viability kit (L3224, Invitrogen) for mammalian cells was
used to assess injury. Cell damage in each well was analyzed using a live/dead
assessment kit for mammalian cells and a fluorescent microplate reader (Molecular
Devices FlexStation II 384, Harlow Scientific). Specifically, live cells were identified
using Calcein (Aexcitation=494 nm, Aemission=517 nm) and dead cells using Ethidium

homodimer-1 ((Aexcitation=528 nm and Aemission=617 nm).

5.2.4 Cytotoxicity assessment of NETs

To evaluate the potential cytotoxicity of the NETs, we cultured the HDEM cells
in 96 well-plates as described above. On the following day, cells were washed with PBS
and then incubated with complete cell culture media containing NETs for three and 24
hours. The effective dosage (Defr) of the NETs for cytotoxicity experiments was 12 mi21
where we define D.gr as the absorbance of the NETs population (1.2 at 808 nm)
suspended in 100 ml of PBS solution. Cells incubated with complete cell culture media
for 24 hours without any additional reagents were used as the positive control population.

Cells incubated with 100 ml methanol for 24 hours were used as the negative control
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population. Cells were washed twice with PBS post incubation with NETs, and stained

using the live/dead assay described above.
5.3 RESULTS & DISCUSSION

5.3.1 NETs size characterization

We can manipulate the diameter distribution of the NETs, and subsequently, their
photophysical properties by varying the extrusion procedures required to fabricate nano-
sized constructs, and the time of the EGs exposure to the hypotonic solution containing
ICG at a given concentration. With the exception of the transmission electron microscope
(TEM) image of the NETs, all results presented herein are based on 20 initial extrusions
of EGs through 400 nm diameter polycarbonate porous membranes, followed by 20
additional extrusions through 100 nm diameter membranes, subsequent addition of 215

uM ICG into the hypotonic buffer solution containing the suspension of the nano-sized

EGs, and incubation for five minutes. The mean peak (dpcak) and estimated mean ( d mean)

diameters of EGs are 80.77 nm and 95.26nm, respectively (Fig. 24(a)). When doped with

ICG, dpeax and Emean increase to 134.78 nm and 124.61 nm, respectively. Only about 5%
of ICG leaks from the NETs after one hour.

Transmission electron microscope (TEM) imaging confirms the nano-sized
diameter of the NETs (Fig. 24(b)). NETs imaged by TEM were fabricated by six

extrusions through 100 nm membranes, and using 215 uM ICG.

87



| — EGs
—— NETs- 5min incubation

25+

w
o

Percentage (%)
S & 9

50 100 150 200
Diameter (nm)

Figure 24 Size distribution profiling and TEM image of NETs. a, Diameter distributions
of EGs and NETs. Using dynamic light scattering, the ranges of the measured diameters
are 58-190 nm for the EGs, and 78-190 nm for the NETs formed after five minutes of
incubation in hypotonic solution and PBS containing 215 pM ICG. Each measurement
was repeated using at least three samples. We present the mean of each measurement,
represented as circles for EGs, and squares for NET. The error bars represent standard
deviations from the mean values. We fitted Lognormal functions to the measured
diameter distributions (solid curves). The estimated mean diameters, as determined by the
Lognormal fits, are 95.26 nm (R*=0.97), and 124.61 nm (R’=0.98) for EGs and NETs,
respectively. b, Illustrative TEM image of NETs.

5.3.2 Absorbance of NETs

Absorption spectrum confirms the elimination of EG’s hemoglobin content as
evidenced by the absence of the signature absorption peaks of oxygenized hemoglobin at
542 and 576 nm, and that of deoxygenized hemoglobin at 556 nm (Fig. 25(a)). The UV
absorption for both non-loaded erythrocyte ghosts and NETs is attributed to membrane
proteins. Doping the EGs with ICG endows the constructs with NIR absorption

capability.
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Figure 25 Absorption spectra and a physical model of a NET containing ICG. a,
Absorption spectra corresponding to free (non-encapsulated) ICG (3.22 uM) dissolved
PBS, and EGs and NETs re-suspended in PBS after fabrication. b, A physical model of a
NET shows an ensemble of ICG conformational states comprised of ICG monomers, ICG
aggregates, and monomers and aggregates of ICG bound to membrane lipids and/or
membrane proteins. For illustration purposes, we present three main membrane integral
proteins of erythrocytes: Aquaporin, Band3 and Glycophorin.

The absorption spectrum of free ICG consists of spectral peaks at 780 and 707
nm, corresponding to the monomeric and dimeric (H-like aggregate) forms of ICG (Fig.
25 (a)), consistent with the well-established spectra of diluted (uM level) ICG in distilled
water29. In comparison to free ICG, the absorption spectrum of NETs has several
differences: (1) increased absorbance values for A > 600 nm, explained by the fact that
higher ICG concentration was used to fabricate the NETs; (2) elimination of the
previously distinct absorption peak associated with the H-like aggregate form of free ICG
at 707 nm; (3) broadened absorption spectrum over the 600-935 nm band; and (4)
bathochromic (red) shift from 780 to 783 nm (with respect to the spectral peak associated

with the monomer form of ICG). We attribute these differences to the presence of various

conformational states of ICG, and induced changes in molecular dipoles and
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polarizability of ICG when encapsulated into these constructs (Fig. 25(b)). We offer

further explanations in the discussion section.

5.3.3 Effects of incubation time on diameter of NETs, ICG loading efficiency, and optical
absorption

During the last step of fabrication process, the EGs suspended in the hypotonic
buffer solution are incubated with PBS-dissolved ICG. At this step, diameter of NETs
can be manipulated by changing the incubation time of the EGs with ICG. All results
presented in the main text of manuscript correspond to NETs fabricated with five minutes
of ICG incubation time. Here, we present results to demonstrate the effects of incubation
time (8, 10, and 15 minutes) on diameter of NETs, ICG loading efficiency, and optical
absorption.

Extending the incubation time from five to eight minutes increased the estimated

mean diameter (Emean) of the NETs from 134.78 nm (Fig. 24(a)) to 141.95 nm (Fig.
26(a)), as determined from the Lognormal fits to the measured diameters by dynamic
light scattering. Further increases in the incubation time to 10 and 15 minutes resulted in
broadening of size distribution. The measured diameter distribution of NETs fabricated
after 10 minutes of incubation with ICG was fit with two Gaussian profiles. The gmean
values associated with the two Gaussian profiles were 167.1 and 338.37 nm. The gmean

value of the NETs fabricated after 15 minutes, as determined by the Lognormal fit, was

252.61 nm.
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Figure 26 Effect of ICG incubation time on diameter distribution and absorption of NETs.
a, Diameter distributions of NETs. Using dynamic light scattering, the respective ranges
of the measured diameters were 91-225 nm (black triangles), 122-714 nm (blue rhombi),
and 105-825 nm (magenta rhombi) for the NETs fabricated after 8, 10, and 15 minutes of
incubation with ICG. Each measurement was repeated using at least three samples. We
present the mean of each measurement, and standard deviations from the mean values
(error bars). We fitted Lognormal functions to the measured diameter distributions (solid
curves) to the NETs fabricated after 8 and 15 minutes of incubation with ICG. The
respective estimated mean diameters, as determined from the Lognormal fits, were
141.95 nm (R* =0.98), and 252.61 nm (R* =0.94) for NETs fabricated after 8 and 15
minutes of incubation with ICG. The diameter distribution of NETs fabricated after 10
minutes of incubation with ICG was fit with two Gaussian curves. For the 1* Gaussian
curve: estimated peak diameter = 167.1 nm, and R* = 0.96. For the 2™ Gaussian curve:
estimated peak diameter = 338.37 nm, and R* = 0.94. b, Absorption spectra of NETs
fabricated after 8, 10, and 15 minutes of ICG incubation time.

With increased ICG incubation time from & to 15 minutes, there was a
corresponding increase in absorbance over the range of = 660-840 nm (Fig. 26(b)). For
example, the monomer absorbance value for NETs fabricated after 15 minutes increased
by = 14% from 0.73 to 0.85 as compared to the NETs fabricated after 8 minutes of
incubation time.

To determine the loading efficiency of ICG into NETs, we first obtained the

absorbance value of the ICG monomers within the supernatant after centrifugations at the
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last step of NETs fabrication. We then compared this absorbance to a calibration curve
that related the values of the ICG monomer absorbance to various concentrations of ICG
dissolved in the mixture of PBS and hypotonic buffer solution. The loading efficiency
was subsequently determined from the knowledge of the initial concentration of ICG
introduced into the mixture solution, and the concentration remaining within the
supernatant at the end of the fabrication process. The loading efficiencies of ICG into
NETs fabricated after 5, 8, 10, and 15 minutes of incubation were 30%, 36%, 43%, and

45%, respectively.

5.3.4 ICG release kinetics from NETs

We investigated the release kinetics of ICG from NETs at physiological
temperature. The suspension of NETs in PBS was stored at 37 °C for various time
intervals (5, 10, 15, 30, 45 and 60 minutes) followed by centrifugation to pellet down the
NETs. Three samples were tested for each time point. After centrifugation of the samples
for 10 minutes at 14,000xg, we determined the concentration of ICG released from NETs
and recovered from the supernatant by comparing the absorbance of the ICG monomeric
form with calibration curve of ICG monomeric absorbance at different concentrations of
ICG dissolved in the mixture of PBS and hypotonic buffer solution. The ICG release
kinetics could be fitted by a rising exponential function (Fig. 27). The percentage of ICG
released form NETs reached a plateau at nearly 60 minutes, with less than 5% ICG

released at that time.
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Figure 27 Release kinetics of ICG from the NETs suspension in PBS at 37 °C. The
experimental value (squares) at each time point is the average of three experiments. Each
error bar represents a single standard deviation. An exponential curve (f (¢) = k- kx *
exp(-t/7)), was fitted to the measured data (R*= 0.99) with 7 = 16.96 = 2.78 minutes, &,
=435 + 2.2 and k, =4.27 = 2.5. We define 7 as the time over which the mean value of
ICG leaked from NETs increases by factor of e.

5.3.5 Fluorescence emission properties of NETs

The spectral peak of fluorescent emission from NETs in response to photo-
excitation at 650 nm is at 695 nm, and originates from the aggregated forms of ICG
within the constructs (Figure 28). Spectral peaks of fluorescence for free 3.22 uM ICG in
response to 650 nm excitation are at 695 nm and 793 nm, and correspond to the H-like
aggregate and monomeric forms of ICG, respectively. Fluorescence emission of free ICG
at the higher concentration of 43 uM is quenched, and resembles that of the EGs, which
do not contain ICG. We summarize the spectral features of the NETs fabricated under the

protocol reported here in Table 1.
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Figure 28 Fluorescence spectra and fluorescent images of human dermal microvascular
endothelial (HDME) cells incubated with ICG or NETs. a, Normalized fluorescence
spectra in response to 650 nm photo-excitation of free ICG (3.22 and 43 uM) dissolved in
PBS, and EGs and NETs re-suspended in PBS. Emission spectra were smoothed using
IGOR Pro software with second order binominal algorithm. b, Fluorescent images of
HDME cells after three hours of incubation in vascular cell basal medium containing 13
puM ICG (control) dissolved in PBS (left panel), or NETs (right panel) at 37 °C and 5%
CO; in dark. A Mercury/Xenon arc lamp was used for photo-excitation at 740 £+ 35 nm.
Cells nuclei were stained by DAPI, and falsely colored in blue using the ImageJ software.
A filter transmitting A>780 nm was used to collect the emitted NIR fluorescent, falsely
colored in red.

Table 1
Spectral Features of 3.2 uM free ICG, and NETs

Absorption peak of monomers in free ICG 780 nm
Absorption peak of ICG monomers in NETs 783 nm
Absorption peak of dimers (H-like aggregates) in free ICG 707 nm
Absorption peak of dimers (H-like aggregates) in NETs Not distinct
Fluorescence peak of monomers in free ICG (650 nm excitation) 793 nm
Fluorescence peak of monomers in NETs (650 nm excitation) 790 nm
Fluorescence peak of dimers (H-like aggregates) in free ICG 695 nm
(650 nm excitation)

Fluorescence peak of dimers (H-like aggregates) in NETs 695 nm

(650 nm excitation)

" The spectral features of the NETs correspond to the constructs fabricated by 20 initial
extrusions of EGs through 400 nm diameter porous membranes followed by 20 additional

94



extrusions through 100 nm diameter membranes, using 215 uM ICG in hypotonic buffer
solution, and five minutes of incubating the EGs with ICG.

Human dermal micorvascular endothelial (HDME) cells were incubated with
NETs or free ICG for three hours, and subsequently washed twice with PBS prior to
fluorescent imaging induced by photo-excitation at 740 £ 35 nm spectral band provided
by a Nikon Mercury/Xenon arc lamp. Co-registration of the NIR fluorescent emission
from the constructs, and the visible fluoresce emitted by staining the nuclei of the cells
produced images that suggest the NETs were internalized and localized to the nuclei
periphery (Fig. 28(b)). The maximum NIR emission intensity from HDME cells
incubated with free ICG (Fig. 28(b), left panel) was = eight times lower than that from
the cells incubated with NETs (Fig. 28(b), right panel). This result indicates that free ICG
was not effectively uptaken by the HDME cells since most of it was removed after
washing the cells. However, cell wash was not as effective in removing the NETs,

indicating that the uptake of the NETs by the HDME cells was greater than ICG uptake.

5.3.6 Photothermal response of NETs, and NETs-mediated photothermal destruction of
HDME cells

Temperature measurements indicate that NETs, suspended in PBS, are capable of
eliciting a photothermal response in response to laser irradiation at 808 nm and incident
intensity (L,) of 19.7 Weem- for 200 s (Fig. 29(a)); however, sustained laser irradiation
was accompanied by a reduction in temperature. This result suggests that ICG within the

NETs can be photo-degraded. To further investigate the photo-stability of NETs, we
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obtained the absorption spectra of the NETs following laser irradiation at 808 nm and /, =
19.7 Weem™ for different radiant exposure times (60 s-200 s). There was a progressive
reduction in the absorption of NETs over the 630-950 nm spectral band, and increased

UV absorption at 213 and 245 nm with increasing radiant exposure time (Fig. 29(b)).
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Figure 29 Photothermal response of NETs, and NETs-mediated photothermal destruction
of HDME cells. a, Photothermal response of NETs suspended in PBS, 13 uM free ICG
dissolved in PBS (positive control), and PBS solution (negative control) in response to
laser irradiation at A = 808 nm with incident intensity (Io) of 19.7 Wecm™. The volume of
all samples was 120 pl. The free ICG solution and NETs suspension samples were
prepared to have nearly the same absorbance value of 0.6 at 808 nm. Temperatures were
measured using a thermistor placed 2 mm outside the irradiated spot. c, Fluorescent
images of HDME cells after three hours of incubation with PBS (negative control), 13
uM free ICG (positive control) and NETs, followed by laser irradiation (A=808 nm, lo =
of 19.7 Weem™).The radiant exposure time in all three samples was 200 s. The volume of
NETs suspension or free ICG added to the cells was 200 pl with nearly the same
absorbance value of 0.6 at 808 nm. Live cells were stained using Calcein, and falsely
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colored in green. Dead cells were distinguished using Ethidium homodimer-1 (EthD-1),
and falsely colored in red (Scale bars =10 pum). d, Percentage of HDME cells
photothermally destroyed by NETs as assessed by a fluorescence microplate reader.
Three different spots (each spot diameter = 2.2 mm) were irradiated in each well,
resulting in irradiation of = 80% of cells. Scale bars on both panels correspond to 10 um.
The scale bar, 0-54354, corresponds to the NIR fluorescent emission intensity for both
panels. The inset on the left panel represents the same image shown on the panel at the
scale of 0-6565. b, Absorbance spectra of four different PBS-suspended NETs samples
(each 120 pl) following laser irradiation for various durations (60, 90, 140, and 200 s) at
808 nm and Io = 19.7 W/cm®. Each bar represents the mean fraction of the dead cells for
three different wells. Error bars correspond to single standard deviations. There was a
statistically significant difference in fraction of cells photothermally destroyed by NETs
(idetitiﬁed by the asterisk) as compared to those incubated in PBS or free ICG (p-value
<10™).

HDME cells were incubated with NETs or free ICG (positive control) for three
hours, and subsequently washed twice with PBS prior to laser irradiation at 808 nm laser
irradiation with 7, = 19.7 Weem? for 200 s. Cells incubated in PBS without exposure to
NETS or ICG were used as the negative control population. Live/dead assays
demonstrate that NETs are capable of mediating photothermal destruction of the HDME
cells (Fig. 29(c)). There was a statistically significant difference (p < 10™*) between the
fraction of photo-thermally destroyed HDME cells incubated after three hours of
incubation with NETs, and those incubated with free ICG or PBS (Fig. 29(d)). The
results presented in Fig. 28(b), 29(c), and 29(d) collectively demonstrate the effectiveness
of NETs as photo-theranostic agents for combined fluorescence imaging and

photothermal destruction.
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5.3.7 Effects of cyclic laser irradiation

To investigate the heat generating ability of the NETs to repeated laser exposure,
we irradiated the NETs using a cyclic irradiation pattern. PBS-suspended NETs (120 pl
solution) were irradiated at 808 nm using a spot diameter of 2.2 mm, and incident
irradiance (1,) of 19.7 W/cm? for 60 s followed by 30 s of no laser exposure. We repeated
this cycle of irradiation five times. As the positive control sample, we irradiated 120 ul of
PBS solution containing 13 uM of ICG using the same laser irradiation parameters and
cycles. The negative control sample was 120 ul of PBS solution without any additional
reagents irradiated under the same conditions. NETs suspended in PBS, and ICG
dissolved in PBS had the same absorbance value (0.6) at 808 nm.

Temperature changes in the solution were measured using a thermistor placed 2
mm outside the irradiation spot and connected to a Vernier LabQuest. The peak
temperature associated with both the NETs and ICG samples at the end of each 60 s of
laser irradiation progressively decreased (Fig. 30). The percentage reduction in the peak
temperature at the end of the first 60 s to the end of the 5™ 60 s of laser irradiation for the
solution containing the NETs was = 24%. For the solution containing free ICG, the

percentage reduction in the peak temperature over the same time interval was = 21%.
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Figure 30 Temperature measurements in response cyclic 808 nm laser irradiation.
Samples (120 pl) of PBS solution without any additional reagents (negative control),
containing 13 uM free ICG (positive control), or NETs were irradiated at 7, = 19.7
W/cm?. Temperatures were measured using a thermistor placed 2 mm outside the 2.2 mm
irradiated spot (2.2 diameter). Samples were irradiated for 60 seconds, followed by 30
seconds of no irradiation. Irradiation cycle was repeated five times. Solid arrows point to
illustrative times when laser irradiation was turned on. Dotted arrow points to an
illustrative time when laser irradiation was turned off.
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Figure 31 Cytotoxicity assessment of NETs. a, Percentage of live cells post incubation
with NETs for 3 hours (solid green bar) and 24 hours (dashed green bar). Cells incubated
with culture medium for 24 hours without any additional reagent were used as the
positive control population. Cells incubated with 100 pl methanol for 24 hours were used
as negative control. Each bar represents the mean fraction of the live cells for three
different wells. Error bars correspond to single standard deviations. Statistical analysis of
the results for NETs (3 hours) compared to positive control yielded no significant
difference in cell viability. Cells treated with methanol (negative control) and NETs for
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24 hours (identified by asterisks) yielded statistically significant viability results as
compared to the positive control population (p-value<107). Fraction of the viable cells
treated with NETs for 24 hours was significantly higher than those treated with methanol
(p-value<10™). b, Fluorescent images of HDME cells 24 hours post incubation with
NETs (right panel) and culture medium (positive control) (right panel). Live cells were
stained using Calcein, and falsely colored in green. Dead cells were distinguished using
Ethidium homodimer-1 (EthD-1), and falsely colored in red (Scale bars =100 um).

To evaluate the potential cytotoxicity of the NETs, we incubated the HDME cells
for three and 24 hours in the culture medium containing the NETs at effective dosage
(Desr) of 12 ml! suspended in PBS (see Methods section for definition of De¢r). Nearly all
the HDME cells remained viable after three hours of incubation with NETs at Der = 12
ml™ (Fig. 31(a)). After 24 hours of incubating the HDME cells with NETSs at D= 12 ml
! nearly 80% of the cells remained viable. In comparison, there was more than 90% cell
death following 24 hours of incubation with methanol as the positive control. Illustrative
fluorescent image of the HDME cells demonstrate the viability of most of the cells after
24 hours of incubation with NETs at D= 12 ml" (Fig. 31(b)).

Spectral broadening of the NETs absorption, and the elimination of a distinct
dimeric (H- like aggregate) peak are indicative of different conformations of ICG.
Specifically, when ICG is incorporated into the EGs, an ensemble of ICG conformational
states comprised of ICG monomers, ICG aggregates, and monomers and aggregates of
ICG bound to membrane lipids and/or membrane proteins can form (Fig. 25(b)). The
excited energy levels associated with these ICG ensemble components, confined within

the nano-scale volume of NETs, can be different than those associated with non-
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encapsulated (free) ICG. The effective NIR absorption cross section of the ensemble

(Censemble), Which is directly related to NIR absorbance of the NETs, can be expressed as:

Gensemvte @) = fuou@ + faoaD + ) Frupoyup D+ D f,p0,5D)
i=1 i=1

where fy; and f, are the respective fractions of the monomeric and aggregated forms of
ICG in the ensemble; oy and o4 are the absorption cross sections of the monomeric and

aggregated forms of ICG respectively; f,,5 and f 5 are the respective fractions of the

ensemble comprised of the monomeric and aggregated forms of ICG bound to a given

membrane-associated molecule (i); g,,8 and g5 are the absorption cross sections of the
l l

monomeric and aggregated forms of bound ICG, respectively.

The observed bathochromic shift of the monomer absorbance in NETs is
indicative of the changes in molecular dipoles and polarizability of ICG. We use the
exciton theory for molecular assemblies to explain the origin of this bathochromic
shift.">* In accordance with this theory, the excitonic state of the ICG monomer bound to
membrane lipids or proteins can split into two levels (E” and E’). The in-phase
arrangement of transition dipoles leads to an electrostatic attraction that produces the
lower excited state (E’). Photo-excitation of the bound monomer produces a transition
from ground to E’, resulting in a bathochromic shift for the bound ICG monomer. A
similar bathochromic shift in the monomer absorbance is reported for ICG dissolved in
aqueous solution containing human serum albumin, and attributed to the interaction

between albumin and ICG.'*!
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Fluorescence spectra in response to photo-excitation at 650 nm demonstrate that
the emission intensity at 790 nm, associated with the monomer form of ICG in NETs, is
diminished in comparison with the emission intensity of 3.22 uM free ICG at 793 nm
(Fig. 28(a)). The 650 nm excitation wavelength does not correspond to the spectral peaks
associated with the monomeric forms of ICG in its free form or in the NETs (Fig. 25(a)).
The fact that in response to 650 nm excitation, we still observed a distinct fluorescence
emission peak at 793 nm from the monomeric form of 3.22 uM free ICG, which was
more intense than that from the monomer form of ICG in NETs, suggests that the fraction
of ICG in its aggregated is greater than its monomeric fraction within the NETs.
However, in the 3.2 uM free ICG solution, there were sufficient number of monomers to
elicit fluorescence emission.

While fluorescence is quenched in the case of 43 uM free ICG, NETs are still
fluorescent despite the fact that they were fabricated using 215 pM ICG (with loading
efficiency of 30% to give an effective loaded concentration of 64.5 uM distributed into
the population of the constructs) (Fig. 28(a)). This result suggests that the presence of the
erythrocyte-derived membrane, as an encapsulating shell, protected the entrapped ICG
molecules within each NET from interactions with other such entrapped ICG molecules
to ultimately prevent fluorescence quenching. While ICG molecules still form aggregates
within the NETs, the effective concentration of such aggregates within the NETs
fabricated under the protocols described herein, was not sufficient to induce fluorescence
quenching that would otherwise take place at high (e.g., 43 uM) concentrations of free

ICG in solution. Therefore, by loading the ICG into the NETs, higher ICG concentrations
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that could otherwise results in fluorescence quenching of its free form, may be used. In
our future studies, we will characterize the effects of ICG concentration over a broad
range on the resulting excitation-emission spectra of the NETs and fluorescence quantum
yields.

Continuous laser irradiation at the specific parameters investigated here can result
in photo-degradation of the NETs (Fig. 29(b)). The progressive increase in absorbance
values at the spectral peaks of 213 and 244 nm with increased radiant exposure time is
indicative of the conformational changes in the membrane proteins of the NETs due to
photothermal denaturation. Our observed progression in reduction of the NET’s NIR
absorption with sustained laser irradiation can result from photo-addition to the
alternating double bonds in the polyene bridge of the ICG molecule to produce a leuco
form of the dye with converted sp” to sp® carbon hybridization, and/or induce cleavage of
the m—conjugation along the bridge while keeping the aromatic benzoindotricarbocyanine
moieties intact. The observation that NETs appeared somewhat more susceptible to
photo-degradation than free ICG (Fig. 29(b) and 30) suggests that entrapment of ICG
within the NETs may weaken the alternating double bonds along the polyene bridge,
and/or alter its electronic localization and polarizability, a proposition consistent with the
excitonic theory described earlier. Our results are in agreement with those reported by
Holzer et al. where there were progressively increased optical transmissions (i.e., lower
absorption) through various solvents (e.g., H,O, D,0O, human plasma) containing free
ICG as the laser exposure time increased.”® For example, these investigators reported

nearly 12% increase in transmission of 785 nm light through a sample containing 10 uM

103



ICG dissolved in H,O after 600 s of laser irradiation at this wavelength and 7, = 0.17
mWsecm™; transmission subsequently increased to about 25% after 2,400 s of laser
irradiation.'>

The major potential advantages of NETs as compared to other types of dye-loaded
nano-constructs are their safety, and longevity within the circulation. As constructs that
can be engineered autologously, NETs offer the potential of being biodegradable, and
non-immunogenic photo-theranostic platforms for use in personalized nanomedicine.
Flower et al. reported no immune or allergic responses, even after multiple injections of
ICG-loaded EGs into monkeys and rabbits despite the fact human-derived erythrocytes
were used to fabricate the constructs.'>®

The natural lifetime of erythrocytes in systemic circulation is on the order of 90-
120 days. While further studies are needed to determine the biodistribution and vascular
retention time of NETs, the reported circulation times of erythrocytes-based carrier
systems exceed those of synthetic vectors, which are on the order of several hours (e.g.,
<10 hours for polyethylene glycol-liposomes with diameters in the range of 50-500
nm)."** Hu et al., investigated the circulation dynamics of nano-constructs (% 80 nm
diameter) composed of a poly (lactic-co-glycolic acid) core coated with erythrocyte-
derived membranes in mice."”® The investigators reported that the constructs were
retained in blood for three days with circulation half-life of nearly 40 hours.'#*'*
In a clinical study, patients with acute lymphoblastic leukemia (ALL) were injected with

erythrocytes encapsulating L-asparaginase (L-ASNase) to treat ALL. L-ASNase loaded

erythrocytes were still detectable within the vasculature at 24 days following the first
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injection.””” As compared to non-encapsulated L-ASNase, the investigators reported a
reduction in the number and severity of allergic reactions in those patients receiving the
L-ASNase loaded erythrocytes.

In another study, 20 patients with ulcerative colitis received autologously-derived
erythrocytes encapsulating dexamethasone 21-P (Dex 21-P) as the therapeutic agent.'*®
At 14 days post-infusion, there were still detectable levels of Dex 21-P within the plasma.

There were no steroid-related adverse effects in patients treated with erythrocyte

encapsulating Dex 21-P as compared to 8 of the 10 patients receiving oral steroids.

5.4 CONCLUSION

In summary, we have engineered a new type of optical nano-construct composed
of erythrocyte-derived membranes encapsulating the organic NIR chromophore, ICG.
To- date, only iron oxide nanoparticles are approved by the FDA for use in conjunction
with MRI. There are currently no FDA-approved nano-constructs as contrast agents for
use in optical imaging modalities, and furthermore, as a photo-theranostic material for
combined optical imaging and phototherapy. Given the existing FDA-approved status of
ICG and prior clinical studies with erythrocytes-based delivery systems, NETs present a
promising photo-theranostic candidate for clinical translation. For example, the enhanced
permeability and retention effect in tumors may provide the basis for the delivery of
NETs into tumors. Since particles with diameters < 200 nm are more effective for
extravasation into tumors,* NETs may prove a suitable material for combined optical

imaging and photothermal destruction of tumors. Other potential applications may
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include dynamic imaging and photo-destruction of vascular abnormalities, and

longitudinal evaluations to assess therapeutic interventions.
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CHAPTER 6: CONCLUSION

This study describes development of two different types of thernaostic nano-
constrcuts loaded with indocyanine green with optical diagnostic and phototherapeutic
applications. In the second chapter, we demonstrated reduced phagocytic content of
PEGylated polymeric nanocapsules loaded with ICG through in-vitro studies using
human spleen macrophages. Low molecular weight PEG (5,000 Da) lowered the ICG-
NCs content within human spleen macrophages up to 90 minutes as compared with the
high molecular weight PEG (30,000 Da). For longer incubation times, there was no
statistically significant difference in phagocytic content of ICG-NCs coated with either
the high or low molecular weight PEG. Encapsulation within the polymeric nanocapsules
reduced the hepatic content of ICG with normal human hepatocytes up to two hours,
while the molecular weight of PEG did not have a statistically significant effect on the
content of ICG-NCS in liver cells. Results of these in-vitro studies specify the promising
role of PEG coating as a method to prolong the vascular circulation time and reduce the
clearance of ICG-NCs by RES.

We showed prolonged blood circulation time and delayed hepatic accumulation of
ICG when loaded into polymeric nanocapsules and coated with PEG (MW=5 KDa) in
third chapter. The biodistribution of PEGylated ICG-NCs in healthy mice was assessed
using whole-body fluorescent imaging and individual organ uptake analysis. The
prolonged vascular circulation time of ICG achieved through PEGylation of ICG-loaded
NCs could introduce new possibilities for ICG clinical applications. First of all, by

loading ICG into PEGylated NCs, we can overcome the rapid clearance of ICG from
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vasculature. Second, the surface of ICG-NCs can be coated with different materials or
functionalized with various targeting moieties. The concurrent increased bioavailability
of ICG and possibility to functionalize ICG-NCs provides the potential to use ICG-NCs
as theranostic nano-constructs for targeted optical imaging of specific molecular

biomarkers of a disease and phototherapy.

One of the applications of ICG-NCs as theranostic nano-constructs studied here
was targeted fluorescent imaging and laser-mediated phototherapy of ovarian cancer. Due
to the lack of efficient and precise screening methods, ovarian cancer has remained the
number one cause of cancer related death among women in United States. In chapter 4,
we showed effectiveness of functionalization of ICG-NCs in targeting HER2 receptors on
the surface of ovarian cancer cells in-vitro. The quantification of intracellular uptake of
anti-HER2 functionalized ICG-NCs using flow cytometry demonstrated significantly
higher uptake by SKOV3 cells compared to non-functionalized ICG-NCs and freely
dissolved ICG. After three hours incubation of anti-HER2 functionalized ICG-NCs with
SKOV3 cells, majority of cells interacted with functionalized nanocapsules and were
detected as ICG positive. Cell viability analysis of SKOV3 cells after laser treatment
showed about 80% death for cells incubated with anti-HER2 functionalized ICG-NCs.
These levels of cell death was significantly higher than that associated with the
population of the cells incubated with non-functionalized ICG-NCs. Our results are very
promising and demonstrate the capabilities of anti-HER2 functionalized ICG-NCs to be

used as theranostic agents for intraoperative fluorescent imaging and laser-induced
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photodestruction of ovarian cancer cells. Targeted imaging and phototherapy of ovarian

cancer can enhance detection, improve treatment and increase patients survival rate.

In the last chapter, we introduced engineering of a new type of biological optical
theranostic nano-construct made of erythrocyte-derived membranes for the first time.
These nano-constructs were loaded with ICG and we named them NETs. The major
advantages of loading ICG into erythrocyte-derived membranes over other types of nano-
constructs are safety and lastingness within the vasculature. Moreover, less than 5% of
ICG leaks out of NETs in one hour and seems to reach a plateau at 5%. NETs were
successfully used for fluorescent imaging of human dermal microvascular endotheial
cells (HDME) in-vitro. We showed NETs can generate heat in response to continuous
808 nm laser irradiation and demonstrated such temperature increases were enough to
destroy HDME cells. Therefore, NETs are promising candidates of photo-theranostic
nano-constructs to be used in personalized nanomedicine for dynamic imaging and
photo-destruction of vascular abnormalities, and longitudinal evaluations to assess

therapeutic interventions.
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