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Abstract

Treatment of cancer is still a grand challenge due to the side-effects
related to the currently available therapies. These include surgical
intervention, radiation, and chemotherapy, which kill healthy cells along
with the cancerous cells leading to several side effects such as hair loss,
weight loss, etc. To overcome the limitations related to the techniques
mentioned above, a new laser-based cancer therapy, i.e., photothermal
therapy (PTT) has been adopted as an alternative due to its minimal side-
effect. This technique requires laser light as a radiation source for treating
cancer. In PTT, the radiation of laser results in the thermal ablation of the
cancerous cells. However, it has been shown that the inclusion of the
photosensitizers such as gold, platinum, benzoporphyrin derivative, a
cyanine dye, etc.could increase the efficacy of PTT for cancer treatments.
Currently, Indocyanine green (ICG), the only U.S. food and drug
administration (FDA) approved exogenous chromophore, is being used for
various clinical applications. In addition to other clinical applications, ICG
also shows the photothermal effect and could be used as a sensitizer for
PTT. However, the application of the ICG is limited due to its short
circulation lifetime and poor optical stability. These limitations could be
addressed by nanoencapsulation of the ICG within nanoparticles (NPSs). In
this study, we have encapsulated ICG within poly-L-lysine based
nanoparticles for PTT. The synthesis of these nanoparticles was done by
using a two-step self-assembly method. These nanoparticles were
spherical with ~225 nm diameter. The encapsulated ICG showed high
photostability and improved cellular uptake in comparison to free ICG.

These NPs show significant photothermal effect than free ICG.

Keywords: ICG, PLL nanoparticles, photothermal therapy.
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Chapter 1

Introduction

1.1 Cancer statistics at a glance

Cancer is one of the most devastating diseases across the world[1].
According to the report of World Health Organization (WHO), 18.1
million new cancer patients have been registered annually, and 9.6 million
deaths in 2018. It is the second most common cause of death in India after
cardiovascular disease[2,3]. According to the report of the Indian council
of medical research (ICMR) 2018, over 11,57,294 lakh newly cancer
patients have been registered every year in India, and more than 7 lakh are
dying[4]. As shown in Figure 1.1, the five most common types of cancer
that are found in men are lung, oral cavity, stomach, colorectal, and
oesophageal cancer[5,6]. On the otherhand, the five most common cancer
in women are breast, cervical, colorectal, ovary, and stomach, their

statistical analysis is shown in Figurel.2[7-9].
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Figure 1.1 Five most common types of cancer found in men in India[8].
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Figure 1.2 Five most common types of cancer found in women in
India[9].

1.2 Cancer- Overview

Cancer is defined as the abnormal growth of cells where they lost the
property of contact inhibition. These cells divide in an uncontrolled manner
and form tumors. Tumors can be of two types- benign and malignant. A
benign tumor does not invade nearby tissues, and it is non-cancerous,
whereas malignant tumors can invade nearby tissues or distant part of the
body through blood vessels or lymphatic system that form a secondary
tumor. The metastatic property of the cancerous cell is one of the major
challenges to completely cure cancer that causes more than 90% of
death[10-12].

1.3 Causes of cancer

Various factors that cause cancer could majorly be classified into two
categories: internal and external. Internal factors include inherent defects,

gender, age, etc. The external factors include smoking, tobacco, exposure



to harmful radiations, alcohol consumption, lifestyle, virus, and other
infections, etc.[13,14].

1.4 Conventional mode of cancer treatment

Cancer is generally treated by the conventional mode of treatment such as

surgery, radiotherapy, chemotherapy[15], as shown in Figure 1.3.

Radiotherapy

e

Figure 1.3 Three most common conventional mode of cancer treatment-

cancer surgery, radiotherapy, and chemotherapy[15].

In cancer surgery, there is excision of cancer affected area. But sometimes,
it may recur. That’s why it is assisted by other modes of cancer treatments,
i.e., radiotherapy and chemotherapy. In radiotherapy, harmful ionization
radiations like gamma ray are being used to treat cancer. However, in
chemotherapy, different varieties of chemotherapeutic drugs like
doxorubicin are used to treat cancer. Cancer detection at an early stage is
quite rare due to non-specific sign and symptoms, so, the success rate of
cancer treatment at advanced stage and rate of survival of the patient is
very less. Early diagnosis of cancer has a significant effect on the survival

of cancer patient[16].



1.5 Limitations of the conventional mode of cancer treatment

Though the conventional mode of treatment can cure cancer, but it has
several side-effects like lack of selectivity and specificity, systemic
toxicity, multidrug resistance, high drug dosage requisite[17].To overcome
these shortcomings, laser-based therapies could be an alternative approach
for more efficient and specific in targeting the tumor tissue in comparison

to the conventional mode of treatment.
1.6 Photothermal therapy- novel approach for cancer treatment

One of the laser-based approaches for the treatment of cancer is
photothermal therapy (PTT) that emerged as a non-invasive localized
therapeutic strategy to overcome the limitations of the conventional mode
of treatment[40]. Photothermal therapy can be an alternative way for the
tumor cell treatment through thermal ablation[41-44], and this therapy is
localized invasive treatment that uses optical radiation in NIR or visible
light range to convert this energy into heat. Photons are absorbed by the
intracellular organelles as well as intercellular tissue, which elevates tissue
temperature that results in tissue or cell death when a laser is irradiated on

cancer tissues[45].
1.7 Nanocarriers an emerging platform for theranostics

The problem of non-specific delivery of the anti-cancer drugs can be
addressed by encapsulating the drug or photosensitizers within
nanocarriers. Nanoparticles come in several shapes like a rod, spherical,
star, cubical, etc. owing to their origin and fabrication technique, they can
either be natural or synthetic, as shown in Figure 1.4. These nanoparticles
augment the half-life of the therapeutic agent of interest and can protect it
from degradation. The nanoparticles can target the diseased tissue via
active and passive targeting approach.
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Figurel.4 Classification of nanoparticles on the based on their size,

surface modification, shape, and fabrication material.
1.8 Tumor targeting via NP
1.8.1 Passive tumor targeting

An effective cancer drug should have a tendency to reach the tumor tissue.
The tumor blood vessels have unique properties that include wide blood
vessel formation[18], excessive blood vessel permeability[19], and lack of
lymphatic drainage at the site of tumor tissues due to which NPs can use
the property of leaky blood vessel so that easily able to enter and
accumulate at the site of the cancer. This event is called the enhanced
permeability and retention effect (EPR)[20,21] as shown in Figure 1.5.
EPR effect makes the treatment of the solid tumor through passive

targeting[22].
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Figure 1.5 Mechanism of retention of nanoparticles onto the cancer site
via enhanced permeability and retention effect[22].

1.8.2 Active tumor targeting

Enhanced permeability and retention effect vary from one type of cancer
to others. Active tumor targeting is an effective way of delivering the
drug-loaded nanoparticles. It is more specific in comparison to the passive
tumor targeting since the targeting moieties are ligated on NP to make it

more specific. Hence, it is a more effective therapeutic method[23].

Table 1. Different types of therapeutically active nanoparticles[24, 25,
34-39, 26-33].

Types of Structure Characteristics
Nanoparticles

Polymeric Drugs are conjugated to the side a) Water-soluble,
nanoparticles chain of a biodegradable linear nontoxic,
polymer with a linker (cleavable
bond) b) Surface modification
c) Selective

accumulation and
retention in tumor
tissue




Polymer
micelles

Amphiphilic block copolymers
assemble and form a micelle with
a hydrophobic core and
hydrophilic shell

b)

c)
d)

Suitable carrier for
water-insoluble drug

Biocompatible, self-
assembling,
biodegradable

Targeting potential

Ease of functional
modification

Dendrimers

The radially branched polymer
structure

a)

b)

c)

d)

Biodistribution and
pharmacokinetics can
be tuned

High structural and
chemical homogeneity

Ease of
functionalization, high
ligand density

Control degradation

Multifunctionality

Liposomes

Self-assembling closed colloidal
structures

a)

b)

Amphiphilic,
biocompatible

Ease of modification

Viral
nanoparticles

Protein cages which are
multivalent self-assembled
structures

a)

b)

Surface modification
by mutagenesis or
bioconjugation

Specific tumor
targeting
multifunctionality

Carbon
nanotubes

Carbon cylinders composed of the
benzene ring

a)

b)

Water soluble and
biocompatible through
chemical modification

Multifunctionality

There are varieties of nanoparticles that could be used for therapeutics, are
listed in Table 1 along with their details[24, 25, 34-39, 26-33].







Chapter 2

Literature review

2.1 Background

There are various exogenous chromophores such as porphyrin, chlorin,
bacteriochlorin, indocyanine green, etc. that are reported to use in the field
oftheranostics[47-49,50] Among all the reported photosensitizers,
Indocyanine green (ICG) is a food and drug administration (FDA)
approved dye that is widely used in NIR optical window for
theranostics[51-53]. The nearinfrared (NIR) window is widely used in the
field of optical disease diagnosis and therapeutics[46]. This region is used
because of low scattering, least absorption,and negligible autofluorescence

in biological tissues[55,56].
2.2 Properties of ICG

ICG is a cyanine dye that consists of two sulphonate group and has a
molecular weight of 774.96 Da[57]. The molecular structure of ICG is
shown in Figure 2.1. The NIR optical absorbance and emission of ICG is
lying in the range of 600 nm-900 nm[58].

Carbon
Nitrogen
Oxygen
Sulfur

Figure 2.1 Molecular structure of the Indocyanine green.

Specifically, the absorption and emission maxima are around 780 nm and
9



810 nm, respectively[59]. It is a negatively charged and amphiphilic
molecule[61]. It has a short half-life (2-4 minutes) in blood circulation due
to non-specific binding with plasma[62, 63]. ICG can be used as
photosensitizers in two different laser-based therapies, i.e., photodynamic
and photothermal therapy. ICG as photosensitizers (PS) has electrons in
singlet ground state. When light is incident on it, absorption of photons
leads to the movement of electrons to the excited states. Later on, it comes
into the triplet state. The lifetime of the triplet state is in microseconds as
compare to the singlet excited state that is of nanoseconds. Hence, it
eventually forms singlet oxygen, and this reaction is called type Il
photochemical reaction. Sometimes, excited PS undergoes photochemical
changes and leads to the formation of reactive oxygen. This phenomenon
is called a type | photochemical reaction [64]. This is the mechanism of
photosensitizers for photodynamic therapy. The work presented in this
thesis is mainly focused on photothermal therapy. In photothermal
therapy, when light is incident on cancer cell treated with photothermal
agent, there will be heat generation that causes thermal expansion, an
increase in pressure that ultimately leads to cell death. Anticancer
photothermal agent is supposed to have a high wavelength absorbance
band (far-red/ near-infrared) so that it can target deeply buried tumors.
ICG is reported as one of the photothermal agent that can work in the NIR

window.
2.3 Advantages and applications of ICG

To study the blood clots in tissue vasculature, NIR optical window has
been used. However, the reflected signal from blood clots decreases as the
depth of the clots increase[65,66]. This can be achieved by the use of ICG
as it efficiently binds with the plasma proteins, mainly lipoproteins[66—68]
that helps in studying the deeply buried inhomogeneities in the tissues.
Additionally, ICG has been used in the clinical settings for the

determination of cardiac output, liver malfunction, blood plasma volume,

10



localization of tumors,etc. [70]. It is being used as a wide variety of
biomedical engineerings like peripheral tissue perfusion, angiography,
photoacoustic imaging, photodynamic therapy, and photodynamic therapy,

as shown in Figure 2.2.

( Peripheral tissue W
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Photoacoustic Photodynamic
imaging therapy

Figure 2.2 Applications of Indocyanine Green for clinical
applications[71-74].

2.4 Limitations of ICG

Despite its clinical applications, ICG has shortcomings of non-specific
targeting, rapid clearance (half-life is 2-4 minutes) through bile juice [76],
hydrolytic instability[77], and poor photostability[78]. These limitations of
ICG can be addressed by incorporating ICG within the nanoparticles to
improve its half-life and stability in blood without interacting with serum

proteins.
2.5 ICG encapsulated NP and its applications

ICG based NPs have been developed as a delivery system by using one of
the characteristic properties of tumor blood vessels. This property of
cancer is known as enhanced permeability retention effect (EPR)[75, 79—

85]. ICG can be encapsulated into different NPs such as polymeric NP,
11



silica-based NP, magnetic NP, lipid-based NP, and many other NPs[86—
96], as shown in Figure 2.3.

w £
* % F
® @ *F %* ‘/tn

I : 4 ff%

Absorption into mesoporous
silica nanoparticles

Electrostatic interaction Loading into lipid and polymer

based nanoparticles

Figure 2.3 lllustration of three types of ICG nanoparticles- silica
nanoparticles, magnetic nanoparticles, and polymeric nanoparticles[86—
88].

Brief information about these nanoparticles are presented below:
2.5.1 ICG encapsulated lipid NP

Liposomes are one of the most common NP that is being used as a
therapeutic agent. It is spherical vesicles consists of the natural or
synthetic phospholipid bilayer. It has a unique property to encapsulate
therapeutic as well as diagnosing agent either in lipid core or its
interface[97]. It has been reported that on giving injection intradermally,
~50nm ICG encapsulated liposomes were started accumulating in lymph
nodes only within 4 hours[87].

2.5.2 ICG encapsulated silica NP

Mesoporous silica (MS) NPs are highly porous with a large surface area. It
can be functionalized to use in biomedical applications[98]. ICG is unable
to get aggregated in MS NPs because of more surface area(93). Its
elimination from the body is relying on the charge of MS-ICG-NPs, and it

is not easily done.

12



2.5.3 ICG encapsulated polymeric NPs

These NPs are a major class of therapeutic carrier that is used in clinical
applications. It can be fabricated by self-assembly method by using
copolymers or macromolecules[97]. Poly (lactic-co-glycolic acid) is
widely used biocompatible as well as biodegradable nanostructure
encapsulated ICG that makes it suitable for the theranostic field. Zhao and
his colleagues have synthesized ICG encapsulated PLGA-lecithin-
polyethylene glycol under the size range of 200 nm. They have shown by
using fluorescence imaging that free ICG was immediately excreted from
the body whereas encapsulated ICG PLGA NP is retained inside the body
for a longer time[90]. Hence, we can say that among all types of
nanoparticles, polymeric nanoparticles are best suited for biomedical
applications since it is biodegradable, biocompatible, and low

immunogenicity.
2.6 ICG NPs for NIR imaging and cancer therapy
2.6.1 NIR imaging

ICG is encapsulated into nanocomposites consists of polymer and
inorganic composites via covalent or non-covalent bond for NIR imaging.
These NPs have shown more photostability, accumulation at tumor sites,
biocompatibility, low aggregation, and high fluorescence as compared to
free ICG. ICG encapsulation does not affect absorbance or fluorescence
maxima but shows a change in intensity in comparison to free ICG. It
could be useful for imaging sensitive and early-stage cancer diagnosis.
NIR optical window is mostly used for guided imaging of margins of
tumor and metastatic cancers[76]. Several types of ICG loaded
nanoparticles are reported, such as magnetic carbon NP, lipid NP, metal
organic NP, etc. These NPs are tabulated in Table 2 based on size, surface

coating, and tumor type.

13



Table 2. ICG NPs for nearinfrared fluorescent imaging-guided
photothermal therapy in cancer[76, 90, 107-110]

NP type Size Surface Tumor type
coating
Biomimetic 200.4 nm Cancer cell Breast tumor
membrane
Magnetic 10 nm Bovine serum Breast tumor
carbon albumin
Metal-organic 100 nm Hyaluronic acid Breast tumor
SPIO 27.4nm DSPE-PEG Cervical carcinoma
Magnetite 50-200 nm Poly(dopamine) Liver tumor
nanocluster
Lipid 20-40 nm Folic acid Breast tumor
PLGA 38, 69,116 nm Polyethylene Pancreatic
glycol carcinoma

SPIO-superparamagnetic  iron oxide; DSPE-PEG-1,2-distearoyl-sn-
glycero-3-phosphoethanol-amine-N-[methoxy(polyethylene glycol)];
PLGA- poly(lactic-co-glycolic acid)

2.6.2 Photothermal therapy as cancer therapy

Photothermal therapy is being applied by using photothermal agent that
generate heat through the non-radiative pathway and hence, used for
thermal ablation of cancer cells[111]. These days photothermal therapy is
evolved as a substitute for the treatment of cancer cell with minimum side-
effects[112]. ICG is a suitable candidature to be used as a photothermal
agent for PTT by using visible or NIR laser[76]. However, free ICG
limited its usage as a photothermal agent for PTT due to its non-
specificity, aggregation at higher concentration, less optical stability, etc.
in vivo[113].

14



To overcome these limitations, ICG could be encapsulated within NPs that
converts light energy of laser irradiation into heat that leads to thermal
ablation of cancer cells. There are wide varieties of nanoparticles that have
been used for PTT like gold NPs, graphene oxide NPs, carbon NPs, etc.
but due to their low biodegradability and biocompatibility, we have
emphasized on biopolymeric nanoparticles. Biopolymeric nanoparticles
are suitable for PTT due to its versatile features like low immunogenicity,
high biodegradability, and biocompatibility. Thus, nanoparticle mediated
PTT might be useful over the conventional treatment method with
minimal damage to surrounding normal tissues because it occurs only in
the illuminated region[107,44,108].
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Chapter 3

Objectives

Our main aim was to synthesize poly-L-lysine (PLL) nanoparticles
encapsulating indocyanine green; an FDA approved NIR contrasting agent

for photothermal therapy of cancer.
3.1 Objective 1

Our first goal was to fabricate ICG loaded poly-L-lysine nanoparticle

through a two-step self-assembly process.
3.2 Objective 2

The second objective was to perform functional and morphological
characterization of ICG-PLL NPs.

3.3 Objective 3

The third objective was to test the safety of ICG-PLL NPs using biological
assay and in vitro cellular uptake of ICG-PLL NPs.

3.4 Objective 4

Our fourth objective was to compare the photothermal efficiency of free

and nanoencapsulated ICG.

We hypothesized that the encapsulation of ICG into poly-L-lysine
nanocarrier could increase the efficacy of photothermal therapy. The
pictorial representation of the mechanism of photothermal therapy via ICG
loaded PLL NP is shown in Figure 3. When laser light is irradiated on
cancer cells treated with ICG-PLL NPs, heat is generated that causes a rise
in temperature, thermal expansion, an increase in pressure that ultimately

leads to cell death.
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Figure 3 Schematic representation of hypothesis of ICG loaded
nanoparticles for photothermal therapy of cancer.
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Chapter 4

Materials, methods, and instrumentation
4.1 Materials

PLL (Molecular weight = 120 kDa, ~ 574 lysine unit, one HBr per lysine
residual) was procured from Polysciences (Warrington, PA, USA). Tri-
sodium citrate dihydrate was purchased from Merck (Darmstadt,
Germany). Sodium phosphate dibasic heptahydrate and ICG were
procured from Sigma Aldrich (St. Louis, MO, USA) and were used as
received. The stock solutions of the chemicals were prepared in de-ionized
(DI) water (Millipore 18.2 MQ, Sartorius system) and stored at 4 degree

Celsius.

Reagents of Phosphate buffered saline (PBS) like sodium chloride (NaCl),
potassium chloride (KCI), disodium hydrogen phosphate (Na,HPO,),
potassium dihydrogen phosphate (KH,PO,) were purchased from Thomas
Baker (Mumbai). Dimethyl sulphoxide (DMSQ) was procured from Merk
(Darmstadt, Germany). MTT, paraformaldehyde, DAPI were procured
from Hi-media (Mumbai). 10 x 2 mm quartz cuvette (Hellma GmbH &

Co., Mullheim, Germany) is used for optical experiments.

Human cervical cancer cell line (HeLa), human liver cancer cell line
(HUH7), human embryonic kidney cell line (HEK293T), human lung
cancer cell line (A549) were procured from National Center for Cell
Science (NCCS), Pune, India. Dulbecco’s modified Eagle’s medium,
penstrap, fetal bovine serum was procured from Thermo Fisher (India) and

used to prepare complete media to culture cell lines.
4.2 Methods and instrumentation

4.2.1 Preparation of nanoparticles
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Poly-I-lysine is a polymer of basic amino acid, hence, positively charged
and could react with negatively charged salts. The addition of tri-sodium
citrate dihydrate and sodium phosphate dibasic heptahydrate, to the poly-
L-lysine solution, caused the initial transparent polymer mixture to
become turbid and cloudy, indicating aggregation of the positively
charged polypeptide with the negatively charged salts. Afterward, on the
addition of ICG, it permeates through aggregates of polymer and salt.
Nanoparticleswere prepared by a two-step self-assembly method. At first,
PLL was mixed with sodium citrate and sodium phosphate to which ICG
was added, followed by making volume upto 1 mL using DI water, as

shown in Figure 4.1.

B4 e

Poly-L-lysine Anionic Salts PLL Nanoparticles

Figure 4.1 Schematic representation of the synthesis of nanoparticles.

Samples were then incubated for half an hour in the dark at room
temperature. Differential centrifugation was done to pellet down the
particles. This pellet was used for further characterization.

4.2.2 Preparation of reagents stock
4.2.2.1 Indocyanine green (ICG)

The stock concentration of ICG is 645 uM, was prepared by adding ICG
powder in DI water and stored at -80°C in dark condition to prevent

thermal and photodegradation.

4.2.2.2 Phosphate buffered saline (PBS)
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10X PBS stock was prepared by adding 80 g NaCl, 2 g KCI, 14.44 ¢
Na;HPO4, 2.4 g KH2PO4, and pH was maintained to 7.4 by adding NaOH
or HCI and stored at 4°C. 1X PBS was used for experiments.

4.2.2.3 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide (MTT)

5 mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide was added
to 1 mL of 1X PBS.

4.2.2.4 Complete media

10% Heat-inactivated fetal bovine serum and 1% penicillin and
streptomycin were added to 500 mL of Dulbecco’s modified Eagle

medium (DMEM) media to make it complete media.
4.2.3 Lyophilizer

Lyophilizer is also known as freeze dryer. It works on the principle of
sublimation, where the frozen form of samples undergoes vapor without
going into liquid phase under vacuum[114]. It consists of three stages:
freezing phase, primary drying phase, and secondary drying phase. In the
freezing phase, the temperature goes to below triple point to make sure
that it follows sublimation inspite of melting for the cooling of the sample.
It can help in preserving the physical form of the sample. In the primary
drying phase, the pressure gets lower, and heat is given to the sample so
that it gets sublimate. The vacuum also assists in sublimation[115]. 95%
of water is sublimated in this stage. In the secondary drying phase, the
temperature is raised higher than the primary drying stage so that bonds
between water and sample get broken and ionically bound water gets
removed. The fabricated nanoparticles were freeze-dried for electron
microscopy measurements. Lyophilizer was wused for drying the
nanoparticles. For this purpose, 100 puL of DI water was added to the

pellet of PLL NP and frozen into liquid nitrogen. Afterward, samples were
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kept into the lyophilizer chamber, and water got sublimated in 12-13

hours.
4.2.4 Scanning Electron Microscope (SEM)

To study the morphology of the nanoparticles scanning electron
microscopy was used. ICG-PLL NPs were prepared and lyophilized to
characterize the morphology. Dried samples were coated with a thin layer
of gold to make the samples conducting, on completion of gold coating,
samples were kept on stub by using carbon tape and placed in the imaging
chamber of field emission scanning electron microscope. (Supra 55
Zeiss).SEM is a type of microscopy that utilizes a focused beam of
electrons of high energy which strikes on the sample and scans the same,
hence, gives the information about topography, morphology, 3D image
and size of the particle. Samples can be conducting or non-conducting. A
metallic coating like gold or silver is required for non-conducting
samples[116]. SEM mainly consists of a source of electrons, column down
with electromagnetic lenses, electron detector, sample chamber, computer
to view images. Electrons are produced at the top of the column and
passed through a set of different electromagnetic lenses that strikes the
surface of the sample. Samples are mounted on the stub and placed in a
chamber that is evacuated by a pump[117,118]. On the interaction of
electrons with the sample, it produces backscattered electrons, secondary
electrons, etc. These electrons are detected by different detectors, and thus,
image is produced on the screen of the desktop.

4.2.5 Dynamic Light Scattering (DLS)

The size and surface charge of the nanoparticles was also measured in an
aqueous environment. Dynamic light scattering spectroscopy was used to
determine the overall charge on the surface of particle and size in
nanometer range by measuring the changes in the light intensity scattered

through the colloidal solution or suspension. The liquid sample of ICG-
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PLL NPs was sonicated before measurement. The nanoparticle size was
determined as the averaged value of 50 runs. Hydrodynamic size and zeta
potential were calculated by using a Nanoplussystem from Micrometrics
Instrument Corporation. DLS is based on the principle of Brownian
movement of suspended particles. Minute particles present in suspension
move randomly in all direction. This zig-zag movement is called
Brownian movement. Particles are moving randomly causes energy
transfer to another particle to move. Hence, smaller particles can move at a
higher speed than the larger one. The speed of the smaller particle is used
to calculate the hydrodynamic diameter. The relation between
hydrodynamic diameter and speed of the particle is given by the Stokes-
Einstein equation[120].

D = ks T/6mmR where,

ke = Boltzmann constant, T = temperature, m = viscosity, R=
Hydrodynamic radius

4.2.6 UV-Vis spectroscopy

UV-Vis spectrophotometer measures absorbance or transmittance. The
main components of UV-Vis spectrophotometer are a source of light like
deuterium lamp, monochromator, detector. The principle of UV-Vis
spectrophotometer is based on Beer-Lambert law. According to this law,
absorbance is proportional to the concentration of sample and path length
of the cuvette (10x2 mm) traveled by light through the sample. When light
is passed through the sample, the difference between incident light (lo) and

transmitted light (I) gives the amount of absorbed light[124].
The amount of transmitted light (T) is expressed as:
T=1/lo or %T=(l/lp)*x 100

The amount of absorbed light (A) is expressed as:
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A =-logT
or

A= ECI where, € = extinction coefficient, C=concentration of sample,

I= path length[125]

When optical energy is given to the molecule, photons are absorbed by
electrons that results inan absorption spectrum[123]. This phenomenon
can be explained by the Jablonski diagram as shown in Figure 4.2. The
molecule can be in different rotational or vibrational states. By using UV-
Vis spectrophotometer (Perkin Elmer), absorption spectra of free ICG and
ICG-PLL NPs were taken from 190 nm to 1000 nm with 1 nm slit width

and 480 nm/s scan speed.
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Figure 4.2 Excitation of a molecule is shown by Jablonski diagram.
4.2.7. Fluorescence spectroscopy

Fluorescence spectroscopy is based on the fluorescence phenomenon
where the transition of electronsfrom a higher state to lower state. In this
process, energy is emitted in the form of visible radiation. Photons are
emitted at a higher wavelength than absorbed. The mechanism of

fluorescence is shown by Jablonski diagram in Figure 4.2. Fluorescence
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spectroscopy mainly consists ofa source of light- xenon lamp, two
monochromators- one for tuning excitation wavelength and another one
for fluorescence emission, sample holder, detectors. It is used to measure
emission spectra by fixing excitation wavelength and scans the
wavelength of emitted radiation via emission spectra. Fluorescence spectra
of free ICG and encapsulated ICG were taken at excitation wavelength
680 nm and in the emission wavelength rangefrom 700 nm to 900 nm
using fluorimeter (Jobin Yvon Horiba). The excitation and an emission slit

width was 5 nm.
4.2.8 Cell viability assay with MTT

Cell viability assays are generally used to check the cytotoxicity
ofdifferent drugs, chemicals, nanoparticles, etc. 3-(4,5-dimethylthiazol-2-
yl)-2,5-tetrazoliumbromide (MTT) assay is one of most common
quantitative colorimetric assay used for this purpose. Viable cells have
mitochondrial enzyme NADPH dependent oxidoreductase enzyme that
reduces yellow tetrazolium MTT to insoluble formazan purple crystals
when incubated with viable cells. These crystals are dissolved on the
addition of organic solvents like isopropanol or DMSO and quantified by
taking absorbance at 570 nm in aplate reader. In our experiment, MTT
assay was used to check the cellular viability of A549, HelLa, HUH7
cancer,and HEK293T normal cell lines after ICG-PLL NP incubation.
5x10%cells/well were seeded in a 96-well flat bottom plate and grown in
complete DMEM media for overnight. Then cells were treated with
different concentration of free ICG and ICG-PLL NPs and incubated at
5% CO,, 37°C in a humidified incubator. On completion of 24 hours of
treatment, 10pL of MTT (5mg/mL in PBS) was added and incubated for 4
hours in the incubator. Then 100 uL of DMSO was added, and absorbance

was taken at 570 nm by a microplate reader. (Synergy H1 multi-mode)

4.2.9 Fluorescence microscopy
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Fluorescence is most widely used contrast technique because it has a high
signal to noise ratio for different applications. The light source is mercury
or xenon lamp. Specific wavelength light is used to excite fluorophore
present in the sample. Fluorescence microscope uses a combination of
filters that are specific for excitation and emission wavelength of a
particular fluorophore. Mainly three types of filter are present in this
microscope excitation, dichromatic mirror, and emission filter. Detectors

like CCD camera is used to image the emissionsignal.

For fluorescence imaging, HeLa 106 cells/well were seeded into 6-well flat
bottom plates having rounded coverslip and kept for overnight to grow in
the incubator. Cells were treated with different concentration of ICG and
ICG-PLL NPs for 24 hours. Cells were washed with 1X PBS 2-3 times.
500 pL of 4% paraformaldehyde was added and incubated for 15 minutes.
500 pL of 0.5pug/mL DAPI was added and incubated for 5 minutes. Then
500 pL of 1X PBS was added in each well and covered the plate with
aluminium foil. The slide was prepared by placing a coverslip on it and
fixed with glycerol and studied using a fluorescence microscope.

4.2.10 Nd:YAG laser

Neodymium-doped yttrium aluminum garnet (Nd:YAG) laser mainly
consists of the laser head, table-top controller, power supply. Nd:YAG
laser is a pulsed, system comprises either two pump chambers with one
flash lamp or one pump chamber with two flash lamps. This laser can
work on three different wavelength- 1064 nm, 532 nm, 355 nm. The
maximum power for 1064 nm, 532 nm, and 355 nm wavelengths are 4.4
W, 2.2 W, and 1.2 W respectively. This laser was used in Q-switch mode.
The distance between the lens and the sample was 30 cm. The camera
used for the photothermal experiment is FLIR DM285, 160 x120
resolution thermal imager. The schematic representation of this
experiment is shown in Figure 4.3. This experiment is carried out to check

the photothermal efficiency of free ICG and encapsulated ICG. Laser of
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wavelength 532 nm was used for this experiment at 22°C temperature. The
322.5 pM concentration of free ICG and four different concentration of
ICG encapsulated PLL NPs were used under the laser, and the temperature

rise was recorded for each sample for 60 seconds.

Prism

E < Laser

Direction of light
v

24°C

Sample

Thermal imager camera

Figure 4.3 Schematic representation of laser experiment to check the
photothermal efficacy of ICG loaded poly-L-lysine nanoparticles.
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Chapter 5

Results and Discussion

ICG encapsulated PLL NPs were synthesized by a two-step self-assembly
method, as shown in Figure 4.1. Briefly, PLL, salts (Tri-sodium citrate
dehydrate and sodium phosphate dibasic heptahydrate) and ICG were
mixed at room temperature to fabricate the ICG loaded nanoparticles.
After 30 minutes of aging differential centrifugation was performed to
obtain, ICG-PLL NPs in the pellet, as shown in Figure 5.1. After
preparation of nanoparticles, morphological and optical studies were
performed to determine the size, zeta potential, encapsulation of ICG into
PLL NPs.

Figure 5.1 ICG-PLL NP pellet (encircled) after differential centrifugation.
5.1 Morphological characterization

Morphological characterization was performed to check the morphology
of ICG-PLL NPs using a field-emission scanning electron microscope
(FE-SEM) and dynamic light scattering (DLS) in the dry state and

aqueous environment respectively.
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Figure 5.2 Morphological characterization of the PLL NPs (a) FE-SEM
image of poly-I-lysine (PLL) NPs (b) Size distribution of PLL NPs.

The ICG-PLL NPs morphology was visualized under FE-SEM, and they
were spherical, as shown in Figure 5.2(a). Further, the frequency
distribution of the ICG-PLL NPs size was calculated with the help of
Image J (NIH software), as shown in Figure 5.2(b). The mean diameter of
these NPs was found to be ~225 nm, and these are nearly monodispersed

in nature.

The hydrodynamic diameter of these NPs were measured by the dynamic
light scattering (DLS) technique. The mean hydrodynamic diameter of the
PLL NPs was ~275 nm, as shown in Figure 5.3 with 0.21 polydispersity
index (PDI) that signifies that they are monodispersed in the aqueous
environment. Further, the surface charge of these nanoparticles was
measured by the zeta potential and was found to be +16 mV, suggesting
that they are stable in an aqueous phase and do not undergo aggregation in

aqueous media.
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Figure 5.3 The hydrodynamic diameter of the PLL NPs measured by

dynamic light scattering.
5.2 Optical characterization
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Figure 5.4 Absorption spectra of the PLL NPs and free ICG.
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Spectroscopic analysis of the NPs was done by UV-Vis spectrophotometer
and fluorimeter. Free ICG and ICG-PLL NPs exhibit absorption band in
the range from 500 nm to 900 nm. ICG exhibits two characteristic
absorption peaks around 780 nm and 715 nm, as shown in Figure 5.4.
Absorption quenching and broadening of the absorption band was
observed in the case of ICG-PLL NPs, which indicates the aggregation of
the ICG molecules in the presence of a cationic polymer. The Absorption
maxima of ICG is 780 nm. This is due to So—>S; transition. Figure 5.5
shows the fluorescence emission from free ICG and ICG-PLL NPs. It can
be observed that the intensity of free ICG is much higher than the
nanoencapsulated 1ICG. This behaviour suggests the aggregation of ICG
molecules in the presence of cationic polymer as indicated by the
absorption data in Figure 5.4. Hence, the optical characterization

confirmed that ICG is encapsulated into poly-L-lysine nanoparticles.
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Figure 5.5 Emission spectra of the PLL NPs and free ICG by using
fluorimeter.

5.3 Encapsulation efficiency of ICG
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The ICG encapsulation efficiency of ICG-PLL NPs was calculated by
dissolving the NPs pellet in DMSO and releasing the free ICG into the
solution. The absorption of dissolved NPs was measured and compared
with the calibration curve of free ICG absorption in DMSO. The
encapsulation efficiency of ICG-PLL NPs was determined by the

following formula:

Encapsulation efficiency = (ICG concentration after disintegration of NPs/

Initial concentration of ICG used) x100.

A max of ICG-DMSO absorption spectrum was observed around 778 nm.
So, the absorbance of ICG encapsulated PLL NP on the addition of
DMSO was recorded at 778 nm, and concentration was found 37 uM
using the calibration curve of free ICG in DMSO.The calibration curve of
ICG in solvent DMSO is shown in Figure 5.6. The encapsulation

efficiency of ICG was found to be ~43%.
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Figure 5.6 Calibration curve ofdifferent concentration of ICG in DMSO.

5.4 Optical stability of ICG encapsulated PLL NPs
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Free ICG and PLL NPs were kept at 37°C in ambient light to determine
the photostability. The absorbance of both the samples was recorded at

778 nm (absorbance maxima) for 32 hours. As shown in Figure 5.7,
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Figure 5.7 Comparision of stability of encapsulated ICG with free ICG at

37 degree Celsius.
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Figure 5.8 Release profile of ICG from ICG-PLL NPs at 37 degree
Celsius in DMEM.
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encapsulated ICG was found to be more stable than free ICG at 37-degree
Celsius even in the presence of light. Hence, it suggests that ICG-PLL NPs
protect better that its free form in light exposure. The release of ICG from
ICG-PLL NPs was evaluated at physiological temperature i.e., 37-degree
Celsius in Dulbecco’s modified eagle medium (DMEM). As shown in
Figure 5.8 also, it was observed that ICG-PLL NPs did not release any
ICG in the medium till ~20 hours.

5.5 Assessment of cellular viability of PLL NPs

Biocompatibility and biodegradability are the key features of nanoparticles
to be used inside the body. So, MTT assay was performed to determine the
cytotoxic effect of ICG-PLL NPs in four different cell lines.
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Figure 5.9 In vitro cellular viability assay of (a) A549, (b) HelLa (c)
HUH7 and (d) HEK293T cell line.
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Three cancerous cell line- HUH7, A549, HelLa, and one normal cell line-
HEK?293T were cultured. Untreated cells and Triton-X treated cells were
kept as a negative and positive control, respectively. When A549 cells
were treated with 5 pL (170 pg/mL), 10 pL (345 pg/mL), 20 pL (690
pg/mL) volume of polymer (stock concentration- 3.45 mg/mL) and 5 pL
(3.45 pg/mL), 10 pL (6.9 pg/mL), 20 pL (13.8 pg/mL) volume of PLL
NPs as shown in Figure. 5.9(a), 93-98% A549 cells were viable in both
cases that depict that like polymer, ICG-PLL NPs are non-toxic to cells.
Similarly, in the case of HelLa, HEK293T, HUH7 cells, as shown in
Figure. 5.9(b), (c), (d), with different concentration of ICG-PLL NPs,
cellular viability was found to be in the range of 88-98% even on
nanoencapsulation. These data suggest that ICG-PLL NPs are safe for the

cells and hence, could be used for biomedical applications.
5.6 Cellular uptake of ICG in vitro

For cellular uptake study, HeLa cells treated with free ICG and PLL NPs.

Untreated cells were kept as a negative control.

Bright Field DAPI NIR NIR+DAPI

ICG
3 puM

PLLNPs |
~3 uM

Figure 5.10 Cellular uptake of cells on treatment with free ICG and ICG
encapsulated PLL NPs.
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Bright field image, DAPI (for nucleus staining), NIR, NIR- DAPI merged
image are shown in Figure 5.10 in a column first, second, third, fourth,
respectively. It is observed in Figure. 5.10, cells treated with ICG
encapsulated, PLL NPs have shown more fluorescence in comparison to
free ICG that suggests that these NPs are capable of entering inside the
cells effectively and thus ICG-PLL NPs could be utilized for bioimaging
applications. Significant enhancement in fluorescence indicates that PLL

NPs are capable of delivering ICG inside the cells in an efficient way.
5.7 Photothermal effect of free ICG and encapsulated ICG

Since ICG is a photothermal agent, it also shows the photothermal effect
and could be effectively used for PTT. Free ICG and ICG-PLL NPs were
used to determine the Photothermal effect by using a laser of wavelength
532 nm (Power density- 1.8 W/cm?).
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In Figure 5.11, it is clearly shown that within 5 minutes temperature rises
to 46.9°C that is enough to kill the cells. In the case of water, the
temperature rises from 20.3°C to 24.5°C whereas temperature rises till

46.9°C in case of free ICG when both are irradiated separately by laser.
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Temperature measurement was recorded by a thermal imager camera.

Three different concentrations of free ICG 322.5 uM (500 pL), 161.25 uM
(250 pL) and 80.63 uM (125 pL) were used, and water was taken as
control as represented in Figure 5.12. The photothermal profile of different

volumes of ICG encapsulated PLL NPs are shown in Figure 5.13. Both

experiments were performed at power density of 1.7 W/cm?.
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Figure 5.13 The photothermal effect of different amount of ICG
encapsulated PLL NPs at laser power density 1.7 W/cm?.
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When the laser was irradiated for 5 minutes, the temperature rises with an
increase in the volume of free ICG. The maximum temperature it achieved
for free ICG volume 500 pL was 32.6°C at power density 1.7 W/cm?,
However, it reached 34.5°C when the laser was irradiated on 1000 pL of
ICG-PLL NPs. Temperature is decreased with a decrease in the
concentration of ICG-PLL NPs. These results suggest that ICG-PLL NPs
efficiently show photothermal effect within five minutes only. These
results suggest that ICG-PLL NPs can be used for photothermal effect in
the visible wavelength range also.
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Chapter 6

Conclusion and scope of future work

6.1 Conclusion

In summary, ICG encapsulating poly-L-lysine nanoparticles were
successfully synthesized by a two-step self-assembly method at room
temperature. SEM and DLS analysis confirmed that ICG encapsulated
poly-L-lysine nanoparticles exhibit spherical morphology with an average
size of 225 nm and zeta potential is +16 mV that depict its stability in the
aqueous phase. The ICG loading efficiency was found to be ~43% in these
NPs. These nanoparticles showed no cytotoxicity and are biocompatible
and biodegradable. The ICG-PLL NPs show the photothermal effect.

6.2 Future scope

Development of ICG encapsulated PLL NPs can play an important role in
the applications of the field of medicine. These NPs have shown the
photothermal effect that can be useful in the photothermal therapy of
cancer. In the future, these nanoparticles could be conjugated with
targeting moieties, and their theranostic efficacy should be tested in an

animal system.
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