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Abstract

Cancer is a highly heterogeneous disease with inter-patient variations,
which prevent conventional chemotherapy from being fully effective. Herein, we
explore the possibility of using multifunctional theranostic nanoparticles
(MFTNPs) for simultaneous imaging, targeting and therapy of cancer cells in vitro.
This could be useful for addressing challenges arising out of inter-patient
variations and to further develop personalized therapeutic strategies thus
reducing the vulnerability and increasing the chance of patient survival. The main
focus of the current thesis is the development of MFTNPs by unifying discrete
“functional components” into a single nanosystem with the potential of
simultaneously performing multiple task including multimodal imaging of the
disease site, successful delivery and controlled release of the drug, providing with
additional therapeutic module in the form of hyperthermia and magnetically

targeted therapy in vitro.

The thesis addresses two different approaches for the fabrication of the
MFTNPs. The first strategy employs biocompatible and biodegradable protein
(like bovine serum albumin and lysozyme) matrices for the unification of different
functional nanomaterials for fabricating the MFTNPs. In this approach, we have
developed an ideal plasmonic and magneto luminescent MFTNPs by integrating
the three main functionalities of inorganic nanomaterials namely magnetic,
plasmonic and luminescence and demonstrated successful application of these
MFTNPs in bioimaging, magnetic targeting, plasmonic photothermal therapy and
drug delivery. On the other hand, in the second strategy, we explore the newly
developed method of “surface complexation” on nanomaterials for the fabrication
of a single nanocrystal based MFTNPs capable of possibly single particle-level

bioimaging and cancer therapy.
The present thesis is comprised of six chapters as described below.

Chapter 1 provides an introduction of the thesis and literature review regarding
the applications nanomaterials in cancer theranostics. This chapter presents a

brief idea about different theranostics applications of plasmonic, magnetic and
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luminescent nanomaterials. It also discusses the processes for developing
multifunction nanocarriers, multifunctional theranostics nanomaterials and their

advantages in cancer theranostics.

Chapter 2 describes the fabrication of plasmonic and magneto-luminescent
multifunctional nanocarriers (MFNCs) by assembling gold nanorods, iron oxide
nanoparticles, and gold nanoclusters within BSA nanoparticles. The MFNCs
showed self-tracking capability through single and two-photon imaging, and the
potential for magnetic targeting in vitro. Appreciable T2-relaxivity exhibited by the
MFNCs indicated favorable conditions for magnetic resonance imaging. In addition
to successful plasmonic-photothermal therapy of cancer cells (HeLa) in vitro, the
MFNCs demonstrated efficient loading and delivery of doxorubicin to HeLa cells
leading to significant cell death. These MFNCs with their multimodal imaging and

therapeutic capabilities could be promising candidates for cancer theranostics.

Chapter 3 discusses the fabrication of a plasmonic-magneto-luminescent
multifunctional nanocarrier (PML-MF nanocarrier) by lysozyme-mediated
agglomeration of gold-coated iron-oxide nanoparticles (IO@AuNPs) and
subsequent coating of these agglomerates with BSA-stabilized gold nanoclusters
(BSA-AuNCs). Agglomeration-mediated red-shifting of the plasmonic absorbance
peak of [O@AuNPs within PML-MFNCs towards NIR-biological window helped in
plasmonic photothermal therapy (PPTT) by PML-MFNCs. PML-MFNCs
demonstrated excellent in vitro bioimaging and magnetic targeting capabilities
due to strong photoluminance and superparamagnetism of the constituent AuNCs
and IO@AuNPs, respectively. PML-MF nanocarriers showed successful loading
and delivery of doxorubicin to cancer cells with significant killing efficiency that

could be synergistically improved by combining with PPTT.

Chapter 4 demonstrates the fabrication of a novel class of magnetofluorescent
theranostic nanoparticles (MFTNPs) based on ‘surface-complexation’ of zinc
ferrite (ZnFe204) NPs with 8-hydroxyquinoline (HQ). The potential of HQ surface
complexed ZnFe204 NPs (HQ-ZFNP) in fluorescence-based bioimaging of different
cancer cells was successfully demonstrated. The superparamagnetic behavior of

the HQ-ZFNP was exploited effectively in magnetic targeting in vitro. Finally, a
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well-known hydrophobic anti-malarial and prospective anti-cancer drug
artemisinin was efficiently loaded into the MFTNPs. Artemisinin loaded MFTNPs
were observed to induce superior anti-proliferative response, as compared to free
drug, in cancer cells in a synergistic mechanism with combination index of 0.1 or

less.

Chapter 5 discusses fabrication of novel magnetofluorescent nanoparticles by
complexation of zinc ions present on the surface of zinc ferrite nanoparticle with
8-hydroxy-2-quinolinecarboxaldehyde (HQCald). The as prepared HQCald-
complexed ZnFe204 NPs showed good quantum yield (3.62%), high photostability,
considerable excited state lifetime (5.31 ns) and high saturation magnetization
(12.7 emu g1). These magnetofluorescent nanoparticles demonstrated bioimaging
capability both at the ensemble and single particle levels, and in vitro magnetic
targeting. Moreover, the pronounced anti-proliferative efficacy of these
nanoparticles against cancer cells, with appropriate targeting strategies, can lead

to potential cancer theranostics.

Chapter 6 contains conclusion and future prospects.
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Cuaprter 1

Introduction

According to the US National Cancer Institute (Office of Technology and Industrial
Research 2006) “Nanotechnology will change the very foundations of cancer
diagnosis, treatment, and prevention”.12 More specifically, the unique
optoelectronic and physico-chemical properties of nanoscale materials, compared
to their bulk counterpart, make them apt choice for biodiagnostics and cancer
treatment.3-10 Notably, cancer is one of the leading causes of death worldwide.
According to the World Health Organization (WHO), approximately one out of six
deaths is caused by cancer globally1-12 Various cancer treatment options such as
chemotherapy, surgery and radiotherapy have been aggressively pursued to
counter the disease. Nonetheless, their applications are limited due to damage of
healthy cells and incomplete abolition of malignant tumors.12-16¢ Thus at this
juncture material scientist face a challenging task of developing newer nanoscale
based materials, which will not only address the issues faced by the present day
anticancer treatment options but also have diagnostic capabilities in addition to
therapeutic abilities.3-10 In this regard, nanoscale materials offer unique platform
to load therapeutic molecules for selective targeting of cancer cells concomitant
with reduced side effect profile and also provide new diagnostic and therapeutic
tools like plasmonic photothermal therapy, magnetic hyperthermia, magnetic
resonance imaging and photo luminescence emission based optical imaging.3-10
Importantly, nanoscale materials empower combination therapy with different
drug molecules, multimodal therapy with different therapeutic modalities and also
permit simultaneous diagnosis and therapy known as theranostic action.3-10
Hence, this is directed towards the development of new cancer treatment
strategies to reduce the vulnerability and increase the chance of survival to the

patient.3-10.17

TH-2122_126122042



Chapter 1

1.1. Nanomaterials in cancer theranostics

As of now, three different categories of inorganic nanomaterials i.e., plasmonic,
magnetic and luminescent materials, have been widely demonstrated for their use
in biomedical applications including cancer theranostics.3-10- 17-18 These broad

categories are described briefly.

1.1.1. Plasmonic nanomaterials and their applications in cancer
theranostics

Nanomaterials composed of noble metals like gold, silver and palladium interact
with external electromagnetic radiations.®7 Under the exposure of a particular
wavelength of light surface electrons of these nanomaterials (depending upon
their size, shape and constituent metals) form plasmons (coherent oscillation of
surface electrons), that cause strong extinction of light (absorption and
scattering). This phenomenon is known as surface plasmon resonance (SPR,
Figure 1.1).67.19 Metallic nanomaterials exhibiting SPR are known as plasmonic

nanomaterials.

e- is electron cloud
e- e- e- e- e-

Incident light

> >

e- e- e- e-
e is electron cloud

Figure 1.1. Representation of localized surface plasmon resonance of noble metal
nanomaterials in presence of external electromagnetic radiation.

2
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1.1.1.1 Plasmonic Photothermal Therapy (PPTT)

Plasmonic nanomaterials, strongly absorb photon energy from light and can
convert them to heat energy, following nonradiative energy dissipation.20-22If the
heat energy generated under laser irradiation, is sufficiently high to raise the local
temperature of the disease site to destroy the tumor then the therapeutic process
is termed as plasmonic photothermal therapy (PPTT). Basically, PPTT is a
minimally-invasive therapeutic technique where plasmonic nanomaterials are
heated using near infrared laser to destroy malignant tumors (Figure 1.2).6-720-
24Among many plasmonic nanomaterials, gold nanostructures are superior
therapeutic agent, for PPTT, due to their efficiency and rapid conversion of photon
energy to heat energy, ease of surface functionalization, biocompatibility and

higher extinction cross-sections (compared to organic chromophores).6-7, 20-24

?\‘\OtOthe,.

Temperature increase
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Figure 1.2. Schematic representation of plasmonic photothermal therapy.
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Gold based nanostructures such as gold nanorods, gold nanocages or gold
nanoshell on silica or iron oxide nanoparticles have widely been studied for
PPTT.6-7 20-24 [n PPTT, cells surrounding the gold nanostructures are directly
heated up and as a result, the local temperature increases from ten to hundred
degrees Celsius over the physiological temperature (within a short span of time)
and leads to the efficient eradication of the malignant tumors with minimum

collateral damage. 6-7,20-24
1.1.1.2 Other Applications

In addition to PPTT, plasmonic nanomaterials have also been used for
photothermal imaging, two-photon luminescence imaging, enhancing drug release

from nanocarriers and improving efficiency of photodynamic therapy.20-31

1.1.2. Magnetic nanomaterials and their applications in cancer

theranostics

Magnetic nanoparticles, mainly iron oxide and ferrites (Zn, Co, Mn, Cu, Mg, and
Ca), have attracted tremendous attention due to their multiple biomedical utilities
derived from superparamagnetic nature with exceptionally high saturation
magnetization.10 32-35> Superparamagnetism enables magnetic nanoparticles for
various biomedical applications such as magnetic targeting, magnetic resonance
imaging (MRI) and magnetic hyperthermia. Properties like small and uniform size,
high biocompatibility and easy surface functionalization also enhanced their

demand for clinical cancer theranostics.10 32-35
1.1.2.1 Magnetic Resonance Imaging (MRI)

Superparamagnetic nanoparticles has been clinically used as negative MRI
contrasting agent (T2).10.32-35120-180 nm IONPs coated with dextran (commonly
known as Feridex) and 60 nm IONPs coated with carboxydextran (commonly
known as Resovist) are clinically approved T2 MRI contrasting agents.3¢In recent
years, small sized and highly monodispersed superparamagnetic nanoparticles
has been developed as MRI contrasting agents to significantly enhance the
contrasting capacity.10 32-35 Different shaped nanomaterials (Figure 1.3),32-37
multiple surface coating agents has also been introduced to improve their
relaxivity.32-37 Monodispersed and small sized superparamagnetic nanomaterials

hold immense potential towards MRI-based diagnosis of cancer.

4
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Figurel.3. (A) TEM images of iron oxide nanocubes (ION Cubes). In vivo magnetic
resonance images of the tumor site (B) before and (C) 1 h after intravenous injection of
ION Cubes. Green doted circle represent the tumor sites. (The above figure is reproduced
from reference 37 with prior permission)

1.1.2.2 Magnetic Hyperthermia

Recently, magnetic hyperthermia has been emerged as a minimally invasive
potential therapeutic alternative for cancer treatment because of less side effect,
localized nature and combination therapeutic possibilities with conventional
therapeutic techniques.3240 Due to “magnetic losses” superparamagnetic
nanoparticles generate heat when they are placed in an alternating magnetic
field.#0-41If the frequency of the alternating magnetic field is sufficiently high, a
very small quantity of superparamagnetic nanoparticles may increase the local
temperature of the disease sites and resulting in killing of the cancerous cells and
thus making them desirable for reducing of collateral damage.32-41In this regard,
various magnetic nanomaterials such as iron oxide, ferrite nanoparticles and
nanocubes have already been studied. Multiple coating agents (such as
biocompatible polymers, proteins and liposomes) for the magnetic nanomaterials
have also been investigated to improve the efficiency of the hyperthermia and

biocompatibility of the nanomaterials.32-41
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1.1.2.3 Magnetic Targeting

Delivery of the therapeutic load efficiently and specifically to the disease site to
reduce side effects, is an important target in cancer theranostics.17 42-44 Different
targeting techniques such as passive targeting following enhanced permeability
and retention (EPR) effect, active targeting using specific organic molecules to
target overexpressed receptors have been studied widely. The clinical
applicability of both the mentioned techniques suffer from the drawbacks related
to either heterogeneity of tumors or inter-patient differences in receptor over
expression.17.42-44Jnder this circumstances, the development of less inter-patient
dependent targeting technique, with high targeting efficiency, is critically
important. Owing to less dependency on tumor behaviors, receptors over
expression and biological pathway, targeting of drug loaded magnetic
nanoparticles (using external magnetic field at the disease site) make them
potential alternative compared to the traditional targeting techniques.32-4145-46
Due to the more controllable and predictable nature of magnetic targeting, a
variety of magnetic vehicles has been developed for the delivery of therapeutic
agents to the specific sites in the body.32-41 45-46 Moreover, magnetic targeting
increase the local concentration of the magnetic nanoparticles in disease sites and

thus also improve the potentiality of magnetic hyperthermia (Figure 1.4).32-41, 45-46

Chitosan-DOPA . [—
stabilizedFIONs / LS

H =<: o
7 &$> % @ Cell death
5 w' oM (apoptosis)
(.}Heat "
Localized -P T
magnetic : Zoh

hyperthermia @ @e

Y./ Alternating
“ magnetic field

Cancercells/ //

Magnetic targeting

Figurel.4. Schematic illustration of chitosan oligosaccharide-stabilized ferrimagnetic
iron oxide nanocubes (Chito-FIONs) and their applications for the magnetic targeting
induced localized magnetic hyperthermia of cancer cells. (The above figure is reproduced
from reference 32 with prior permission)
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1.1.3. Luminescent nanomaterials and their applications in cancer
theranostics

Luminescence bioimaging offers versatile low-cost, high contrast, highly sensitive
and selective, non-invasive optical imaging technique for identifying
morphological specifications of cells/tissues and investigating behavior of
microspecies of living cells/animals.8-9 47-50 In last two decades, enormous
improvements in resolution of luminescence bioimaging, including single
molecular/particle level imaging of the fluorophores, helped to understand

various complex biological phenomena.8-9 47-50

1.1.3.1 Luminescent probe

Luminescent probes have been used as imaging agents for the purpose of
bioimaging. There are basically two kinds of luminescent imaging probes, (a)
intrinsic luminescent species like nicotinamide adenine dinucleotide (NADH) or
chlorophyll and (b) external luminescent probe like fluorescent organic dyes or
nanomaterials.8-%47-50 So far, organic dye molecules and quantum dots has been
extensively used for bioimaging.8-% 47-50 However, the application potential of
organic dyes is limited due to their fast photobleaching, small Stokes-shifted
emission, aggregation-induced fluorescence quenching and small excitation cross-
section for two-photon imaging. Whereas the toxicity due to leaching of
constituent heavy metal ions in the intercellular environment hamper the
bioimaging applications of quantum dots.8% 47-50 In this regard, ultra-small gold
nanoclusters (AuNCs, with size less than 2 nm) have drawn much attention due to
their high photostability, high biocompatibility, large Stokes - shifted emission,
longer emissive lifetime and broad two-photon excitation cross-section. AuNCs
have been widely studied both in vitro and in vivo bioimaging due to the above

mentioned advantages (Figure 1.5).8-9,47-50
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Figurel.5. (A) Schematic depiction of biosynthesis of gold nanoclusters in cells for
imaging. (B) Confocal laser scanning images of HepG2 (a&b) and L02 control cells (c and
d) incubated with identical 10 mmol/L HAuCls solutions. (C) Representative xenograft
tumor mouse models of hepatocellular carcinoma observed in normal light (a) or by in
vivo fluorescence imaging (b) 24 h after a subcutaneous injection of 10 mmol/L HAuCl,4
solution near the tumor. In (a), the inset shows an enlarged view of the xenograft tumor.
Xenograft tumor mouse models of chronic myeloid leukemia observed by in vivo
fluorescence imaging (c) 24 h after a subcutaneous injection of 10 mmol/L HAuCls
solution near the tumor. (d) Control mouse observed by in vivo fluorescence imaging 48 h
after a subcutaneous injection of 10 mmol/L HAuCls solution in the right side of their
abdomen. (The above figure and the caption is reproduced from reference 49 with prior
permission)

1.2 Nanocarriers

Nanocarriers for chemotherapeutic drugs have been developed to overcome
multiple problems associated with the traditional chemotherapy like nonspecific
action of the drug, premature degradation and insolubility of some of the drugs in
aqueous medium. In this regard, a variety of nanocarriers have been developed for
different chemotherapeutic drugs. Some of the nanocarriers that have been
approved by Food and Drug Administration (FDA) for clinical use, are listed in

next page.3->51-52

8
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Abraxane3 Albumin Nanoparticles Paclitaxel
Doxil/Caelyx3 PEGylated liposomes Doxorubicin
Oncaspar3 Polymer-protein conjugate Peg-L-asparaginase
Nanoxel3 Polymeric micelle Paclitaxel

1.2.1 Benefits of nanocarriers

Nanocarriers possess multiple advantages, which are as follows:

1. Nanocarriers, with appropriate targeting strategy, could lead to significant
reduction in collateral damage caused by the nonspecific nature of the
chemotherapeutic drugs.3->

2. Improve the aqueous solubility of the hydrophobic drugs and thus make
administration easier with increased bioavailability.3-5

3. Protect the drugs from premature degradation by keeping them away from
external environment during circulation in blood.3->

4. Facilitate slow or controlled release of the drug and thus improve the

efficiency of the drug in eradication of the tumor.3->

1.2.2 Category of Nanocarriers

Different types of nanocarriers, based on the constituent materials like protein,
polymer, dendrimer, metal nanoparticles, liposomes, micelles, carbon nanotubes

and quantum dots, have been developed (Figure 1.6).3-5 51-52
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(a) Polymeric nanocarriers
)
u

Polymeric Polymeric Dendrimers Polymeric
nanoparticles micelles hydrogels

(b) Lipid-based nanocarriers

# EE loe

Polymer-drug
conjugates

©
@ V2's}
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? — o
Liposomes Solid lipid Phospholipid  Nanoemulsions  Self emulsifying
nanoparticles micelles drug delivery
systems

(c) Inorganic nanocarriers

Quantum dot Gold Magnetic Silica

nanoparticles  nanoparticles nanoparticles nanotubes

Figure 1.6. Examples of different types of nanocarriers used for drug delivery. (The above
figure is reproduced from reference 51 with prior permission)

1.2.3 Multifunctional nanocarriers

With the advancement in the fabrication of nanocarriers for chemotherapeutic
drugs, the development of multifunctional nanocarriers has become a current and
important trend in last few of years.3->17-18 Nanocarriers that perform multiple
task like multimodal imaging, therapy, drug delivery by integrating multiple
‘functional units’ in a single platform, are known as multifunctional nanocarriers
(Figure 1.7).17-18 Improvement in the synthesis techniques of basic nanoparticles
and growing medical needs have encouraged scientists to focus on the
development of extremely complex nanocarriers for cancer theranostics. 17-18 As
discussed before, cancer is a highly heterogeneous disease, with varying nature

from patient to patient, and thus makes the job of the conventional chemotherapy

10
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very difficult. Hence, more image-guided treatments are needed to tackle the inter
patient variances and to develop further personalized actions based on the
responses and condition of the patient.17-18.52-56 Multifunctional nanocarriers offer
multimodal imaging in various stages of the treatment and thus improve the
efficiency of the therapy and diagnosis. In addition, multifunctional nanocarriers
offer the unique opportunity of combination therapy, based on the therapeutic
capability of different inorganic nanoparticles and chemotherapeutic drugs, that
may even cause complete eradication of the tumor and reduce the chances of drug
resistance. 17-18 52-56Multifunctional nanocarriers could also ensemble all the
targeting strategies (like passive targeting, molecular targeting and magnetic
targeting) to significantly reduce collateral damage. Thus, by acting in highly
interactive path multifunctional nanocarriers hold the potential of revolutionizing

orthodox cancer therapy and may bring paradigm shift in survival of patients. 1718,

52-56
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Figure 1.7. Graphical representation of multifunctional nanocarrier.
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1.2.3.1 Role of Proteins in Development of Multifunctional Nanocarriers

As discussed earlier, multifunctional nanocarriers are developed by integrating
individual “functional units” in a single platform. Hence, a unifying matrix is
required to develop multifunctional nanocarriers.>2¢© Among the different
unifying matrixes, biofriendly and biodegradable polymers, proteins and silica
matrixes, are well-known. Proteins remain as the preferred choice among all
because of their high biocompatibility, high stability in physiological conditions,
biodegradability, capacity to interact with broad spectrum of hydrophobic and
hydrophilic molecules and being non-cytotoxic in nature.>2-67? Moreover, proteins
not only help to integrate different functional nanomaterials in a single dais but
also tune the nanomaterials properties in such a way that can enhance the
therapeutic application potential of the nanomaterials.®8-70 Albumin and lysozyme
(Lyz) are two important proteins, which have been extensively used to develop
different types of nanocarriers, including multifunctional ones. Albumins are
present in blood plasma and commonly act as carriers for vitamins, hormones,
fatty acids, drugs and metal ions.>%70 Importantly, some types of tumors like
prostate, lung and breast tumors possess over-expressed albumin receptors,
hence, facilitate preferential accumulation of albumin based nanocarriers.61-67.70
Above all, albumins efficiently interact with a broad spectrum of inorganic
nanoparticles and their stabilizers - which make them ideal unifying matrices for
the development multifunctional nanocarriers (Figure 1.8).52-70 On the other hand,
Lyz, an antimicrobial enzyme, has also been used for drug targeting to kidney. For
the capability of interacting with different inorganic nanomaterials, Lyz could also

be used for developing multifunctional nanocarriers.68-70
1.2.4 Nanoparticle-Protein Agglomerates as Nanocarriers

Different nanoparticles, especially small sized gold nanoparticles (AuNPs), have
been reported to form stable nanoscale agglomerates when interacted with some
specific proteins.67-73 At physiological pH, positively charged protein like lysozyme

(Lyz), has the propensity to attach on the surface of negatively charged AuNPs.

12
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Figure 1.8. Schematic depiction of the preparation of gold nanocluster embedded BSA
nanoparticles for bioimaging and delivery of chemotherapeutic drug doxorubicin to
cancer cells. (The above figure is reproduced from reference 70 with prior permission)
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Figure 1.9. Schematic depiction of AuNPs-Lyz agglomeration based fabrication of
nanocarriers, subsequent loading of doxorubicin (Dox) and pyrene (Pyr), their uptake
succeeding release of the cargo molecules inside the tumor cell leading to cell death. (A)
Nanocarriers were fabricated in three steps, first preparation of the Lyz mediated
agglomerates of AuNPs, second loading of Dox (hydrophilic drug) or Pyr (hydrophobic
molecule) and third coating of the loaded nanocarriers with bovine serum albumin (BSA)
for better stability. (B) Uptake of the drug loaded nanocarriers by the cancerous cell,
release of Dox subsequently causing cell death by activating apoptosis. The above figure is
reproduced with permission from references 67.
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Nanoparticle surfaces facilitate partial unfolding of the Lyz - which enmesh
more protein molecules and nanoparticles resulting to the agglomeration of the
AuNPs. 67-73 As protein possess both hydrophilic and hydrophobic sites, these
nanoparticle-protein agglomerates, are capable of both loading and delivery of the
hydrophilic as well as hydrophobic drug molecules to the cancer cells (Figure 1.9).
67-73 In addition to that, agglomeration of AuNPs by protein cause broadening and
red shifting of the SPR peak of AuNPs towards biological spectral window region -
which could enhance the efficiency of the plasmonic photothermal therapy

(PPTT).67-73

1.3 Multifunctional Theranostics Nanoparticles

The term theranostics is the combination of two fields; diagnosis and therapy.
Multifunctional theranostics nanoparticles (MFTNPs), are basically those
nanoparticles, which simultaneously perform therapy and diagnosis of the
diseases. MFTNPs also provide monitoring of the responses of the patients
following various noninvasive imaging techniques along with precise therapy. 3>
17-18,52-56 Multifunctional nanocarriers, as discussed above, also fall in the category

of MFTNPs.

1.3.1 Role of Surface complexation in development of Multifunctional

Theranostics Nanoparticles

The surface of quantum dots (Qdots) and metal oxide nanoparticles are comprised
of metal ions, which allow them to react to form inorganic complexes with
external complexing agents, particularly with organic ligands.”481 This also show
that the choice of organic ligands is important in order to form inorganic
complexes on the surface of Qdot and/or metal oxides nanoparticles. Recently
many studies have demonstrated the use of different organic ligands for the
formation of inorganic complexes on the surface of a presynthesized Qdot and

subsequently conferring new and advantageous emission properties to such
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complexed Qdot (otherwise termed as quantum dot complex (QDC)) in
comparison to their parents components and thus demonstrated their various
applications ranging from white light generation to sensing purposes.’481 One of
the prime aims of this thesis is to form inorganic complexes on the surface of
magnetic nanoparticles, which will endow the multifunctional nanoparticle with
anticancer activity. Thus, the strategy of the formation of inorganic complexes,
with anticancer activities, on the surface of magnetic metal oxide nanoparticles,
could be used as an alternative method for the development of multifunctional

theranostic nanomaterials.74-81

I
(=)

e R O

\ €

Quantum Dot Quantum Dot Complex (QDC)
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o"\o ZnQ,. 2H,0

Figure 1.10. Graphical depiction of reaction between zinc sulfide Qdots and 8-
Hydroxyquinoline (HQ) to form quantum dot complex (QDC).The above figure is
reproduced with permission from references number 74.

1.4 Overview of the Thesis

The primary aim of the thesis is the fabrication of multifunctional
nanocarriers/nanoparticles following Integration of independent functional
components, which are basically plasmonic, magnetic, and fluorescent in nature,
and thereby their use in cancer theranostics. The thesis is comprised of four
separate research works - in addition to introduction (Chapter 1), which is
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comprised of literature survey. The salient features of each work are separately

highlighted as follows:

Chapter 2 describes the fabrication of plasmonic and magneto-luminescent
multifunctional nanocarriers (MFNCs) by assembling gold nanorods, iron oxide
nanoparticles, and gold nanoclusters within BSA nanoparticles and finally, their
(MFNCs) use for single and two-photon imaging, in vitro magnetic targeting,
magnetic resonance imaging, plasmonic photo thermal therapy and delivery of

doxorubicin to HeLa cells.

Chapter 3 discusses protein-nanoparticle agglomeration-based fabrication of an
advance plasmonic-magneto luminescent multifunctional nanocarrier (PML-MF
nanocarrier) and their use in plasmonic photo thermal therapy, bioimaging,

magnetic targeting, drug delivery and combination therapy.

Chapter 4 demonstrates the fabrication of a novel class of magneto-fluorescent
theranostic nanoparticles (MFTNPs), based on the ‘surface-complexation’ of zinc
ferrite (ZnFe204) NPs with 8-hydroxyquinoline (HQ) and the applications of these
MFTNPs, following loading with well-known hydrophobic anti-malarial and
prospective anti-cancer drug artemisinin, in fluorescence-based bioimaging in
different cancer cells, in vitro magnetic targeting and synergistic anticancer

activity.

Chapter 5 discusses the fabrication of novel magneto-fluorescent nanoparticles
by complexation of zinc ions, present on the surface of zinc ferrite nanoparticle,
with 8-hydroxy-2-quinolinecarboxaldehyde (which acts as an anticancer agent)
and the use of these magneto fluorescent nanoparticles in bioimaging (both at the
ensemble and single particle levels), magnetic targeting and antiproliferative

efficacy in cancer cells.
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CHAPTER 2

Protein-Based Multifunctional Nanocarriers for Imaging,

Photothermal Therapy and Anti-Cancer Drug Delivery

In this chapter, a simple approach for the fabrication of a plasmonic and magneto-
luminescent multifunctional nanocarriers (MFNCs) by assembling gold nanorods,
iron oxide nanoparticles and gold nanoclusters within BSA nanoparticles is
reported. The MFNCs showed self-tracking capability through single and two
photon imaging, and the potential for in vitro magnetic targeting. Appreciable T2-
relaxivity exhibited by the MFNCs indicated favorable conditions for magnetic
resonance imaging. In addition to successful plasmonic-photothermal therapy of
cancer cells (HeLa) in vitro, the MFNCs demonstrated efficient loading and
delivery of doxorubicin to HeLa cells leading to significant cell death. The present
MFNCs with their multimodal imaging and therapeutic capabilities could be

eminent candidates for cancer theranostics.

\\’Q’
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Emission 650 nm
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*[ACS Appl. Mater. Interfaces 2017, 9, 19495-19501] - Reproduced with permission from

the American Chemical Society.
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2.1 Experimental section

2.1.1 Materials: Iron(Ill) chloride hexahydrate (FeCls.6H20), gold (III) chloride
solution (HAuCls), tetramethylammonium hydroxide (TMAOH), oleylamine,
fluorescein isothiocyanate isomer I (FITC) and cetyltrimethylammonium bromide
(CTAB) were purchased from Sigma Aldrich Co., USA. Sodium oleate, oleic acid,
sodium hydroxide (NaOH), silver nitrate (AgNOs), sodium borohydride and
acetone were procured from Merck, India. Ascorbic acid and bovine serum
albumin (BSA) were obtained from Sisco Research Laboratories Pvt. Ltd., India.
Doxorubicin  hydrochloride  (Dox) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were from Parenteral Drugs India Ltd. and
Himedia, India, respectively. All chemicals were used without further purification.

Milli-Q grade water (>18 MQ cm, Millipore) was used in all the experiments.

2.1.2 Preparation of gold nanorods (Au NRs): Au NRs were prepared by
following the method developed by Sau et al.l To prepare gold seed particles, 7.5
mL of CTAB (0.1 M) solution and 0.25 mL of aqueous HAuCls (0.01 M) solution
were mixed by gentle inversion in a 15 mL centrifuge tube. The solution appeared
bright brown-yellow in color. Then 0.6 mL of freshly prepared ice cold NaBH4
(0.01 M) solution was added to it all at once, followed by rapid mixing by inversion
for 2 min. At this point, color of the solution changed to pale brown-yellow. The
centrifuge tube was finally kept in a water bath maintained at 25 °C for 2 h and the
sample was used immediately after that.

For the growth of Au NRs, 151.04 mL of CTAB (0.1 M) solution, 6.4 mL of
HAuCls (0.01 M) solution, and 1.28 mL of AgNO3 (0.01 M) solution were added
sequentially into a conical flask, followed by gentle mixing. The mixture appeared
bright brown-yellow in color, but became colorless upon addition of 0.96 mL
ascorbic acid (0.10 M). For growth of Au NRs, 0.64 mL of seed solution was added
to this growth solution, gently mixed for 10 s and was kept in a water bath at 25 °C
for 14 h. Au NRs were precipitated by centrifugation at 20000 rcf (20 min at 25
°C), washed thrice to remove excess CTAB and finally were redispersed in 1 mL of

water.
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2.1.3 Preparation of iron oxide nanoparticles (Fe304 NPs): Fe304 NPs were
prepared, by using previously reported protocol,? in two steps: i) formation of
iron (III) oleate complex and ii) thermal decomposition of iron (III) oleate complex
to produce Fe304 NPs. To prepare iron (III) oleate complex, 3.24 g of FeCls.6H20
and 18.25 g of sodium oleate were added to the solvent mixture (18 mL hexane, 8
mL ethanol and 15 mL water) and refluxed at 70 °C under stirring for 4 h. After
completion of reaction, brown crystals of iron (III) oleate complex were vigorously
washed with ethanol-water mixture for 5 times to remove excess sodium oleate
and were then dried for further use. To prepare Fe304 NPs, 300 mg of iron (III)
oleate complex was added to a mixture of oleylamine and oleic acid (3:1) and
heated at 120 °C under reflux condition for 1 h. At this point, the solution color
changed to black. The temperature was then increased to 200 °C with
simultaneous purging with nitrogen gas. Finally, the temperature of the reaction
mixture was raised to 300 °C and kept for another 2 h under reflux and stirring to
complete the formation of Fe304 NPs. The Fe304 NPs were precipitated by adding
ethanol to the reaction mixture and washed with ethanol-hexane mixture to
remove excess oleic acid and olelylamine.

For phase transfer of Fe304 NPs, excess ethanol was added to precipitate
NPs followed by magnetic separation. Fez04 NPs were transferred to water using
25% aqueous solution of TMAOH as phase transferring agent under strong
sonication. Finally, the phase transferred product was separated from excess
TMAOH by magnetic separation (using rare-earth magnet) and subsequently
washed four times with water, in the presence of the magnet. The washed Fe304

NPs were dispersed in 500 mL Milli-Q water for further use.

2.1.4 Preparation of BSA-stabilized luminescent gold (Au) nanoclusters:
BSA-stabilized luminescent Au nanoclusters were prepared by following
previously reported method.3 In brief, 5 mL aqueous solution of gold (III) chloride
(10 mM) was mixed with 5 mL of aqueous BSA (50 mg mL-1) solution by vigorous
stirring for 2 min at 37 °C. Then pH of the reaction mixture was adjusted to 12.0
(by adding 1 M NaOH) and kept at 37 °C under vigorous stirring for 12 h. At the
completion of the reaction, a deep brown solution with bright red luminescence
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(under UV light, Aex = 365 nm) was obtained, indicating the formation of BSA-

stabilized Au nanoclusters.

2.1.5 Preparation of plasmonic magneto- luminescent multifunctional
nanocarriers (MFNCs): BSA nanocarriers incorporating magnetic, luminescent
and plasmonic functionalities were prepared by conventional desolvation
technique.#-> Briefly, 3.3 mL dispersion of as-synthesized Au nanoclusters was
taken in a 100 mL round bottom flask. To this, 5 mL of Fe304 NPs suspension and
1.3 mL of Milli-Q water were added under vigorous stirring at 30 °C. Then, 0.4 mL
of Au NR dispersion was added to the mixture dropwise and they were allowed to
mix for 2 h. For desolvation, acetone was added drop by drop through a peristaltic
pump at a flow rate of 1 mL min-! until the mixture became turbid. Then the
temperature of the mixture was raised to 50 °C and the same was stirred (750
rpm) at this temperature for 12 h to complete the formation of MFNCs. Acetone
was removed using rotary evaporator to avoid aggregation of particles during
centrifugation. To remove unreacted materials, MFNCs were washed three times
following centrifugation at 20,000 rcf and 4 °C for 20 min. Finally, the pellet was

redispersed in 4.2 mL of Milli-Q water and kept for further use.

2.1.6 Photostability studies: Photostabilities of Au nanoclusters and MFNCs
were studied in a Perkin Elmer LS55 fluorimeter at Aex of 365 nm and 505 nm. For
this, aqueous dispersions of as-prepared Au nanoclusters, MFNCs and ethanolic
solution of FITC were taken in cuvettes. Subsequently, fluorescence intensities of
the samples were recorded at an interval of 0.1 sec under constant irradiation of

light for a total time period of 1800 sec.

2.1.7 Cell culture and cell viability assay: Human cervical cancer cell line,
HeLa was procured from National Center for Cell Sciences (NCCS), Pune, India. The
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with L-glutamine (4 mM), penicillin (50 U mL-1), streptomycin (50 mg mL-1) and
10% (v/v) fetal bovine serum and maintained at 37 °C in an incubator with 5%

COz and humidified environment. Following the desired treatment (as specifically
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mentioned in appropriate section), the viability of HeLa cells was measured by (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT)-based cell
viability assay.5 The absorbance of the formazan product at 550 nm was measured
in a Bio-Rad 680 microplate reader. The assay for each sample was carried out in
triplicate. Cell viability was calculated by the formula:

% cell viability = (Absorbance of treated sample / Absorbance of control sample) x

100

2.1.8 Confocal laser scanning microscopy (CLSM) and magnetic
targeting: For CLSM, HeLa cells were grown onto coverslips by placing the
coverslips inside a 6-well plate and seeding 2 x105 cells per well. After growth for
overnight, the HeLa cells were treated with 161.7 pg mL-1 MFNCs for 4 h. Then,
the cells were washed with PBS, fixed in formaldehyde (4%) solution for 15 min,
washed thoroughly with PBS and finally mounted on glass slides following
standard protocols.> The slides were observed under Zeiss LSM 780 confocal
microscope with conventional argon ion laser (excitation at 488 nm) as well as
multi-photon Ti-sapphire laser (excitation at 730 nm).

To demonstrate the magnetic targeting of MFNCs in vitro, HeLa cells were grown
onto two coverslips kept inside a culture dish (35 mm) as described above. Then,
the cells were treated with MFNCs (161.7 ug mL-1) for 2 h, with a rare-earth
magnet placed under the culture dish just beneath one coverslip, while being away
from the other one. Following the treatment, the cells were prepared as described
above for visualization under Zeiss LSM 780 confocal microscope with argon laser

(excitation at 488 nm).

2.1.9 Plasmonic photothermal heating and plasmonic photothermal
therapy (PPTT) in vitro: To check the heat generation by MFNCs under NIR
irradiation, aqueous dispersions of varying concentrations of MFNCs (with
extinction 0.35, 0.695 and 0.966), Au NRs (with extinction 0.665) and MFNCS
without Au NRs, respectively, were taken in vials with small magnetic bars placed
inside them for stirring. The vials were subjected to laser irradiation (High Power

Focusable 2W 808 nm IR laser; MOD808-2W, Brand Name: dep, Laser type: Diode)
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for 20 min with constant stirring for homogenous heat distribution. The
temperatures of the dispersions were recorded using digital thermometer. For
control experiment, only water (without any nanomaterials) was also subjected to
irradiation. For in vitro PPTT, HeLa cells were seeded (1 x10% cells/well) in a 96-
well microtiter plate and grown overnight. Next day, the cells were treated with
161.7 pg mL-1 MFNCs or MFNCs without Au NRs for 6 h and then subjected to
laser irradiation for 10 min (each well) with 2ZW 808 nm IR laser. A parallel set of
experiment was also carried out under similar condition without laser irradiation.
Then the cells were allowed to proliferate for another 24 h and the viability of

Hela cells was calculated by MTT assay as described earlier.

2.1.10 Magnetic Resonance Imaging (MRI): A 1.5 T MRI instrument (GE 1.5 T
Signa Advantage, GE Healthcare) was used to record the Rz map images of
aqueous dispersions of MFNCs with varying iron concentrations (0 uM, 14.29 uM,
28.58 uM, 57.16 uM, 114.32 uM, 228.63 pM, and 457.27 uM). The measurement
parameters were as follows: external MR field (H) = 1.5 T, number of acquisition
(NEX) =1, field of view (FOV) = 18 cm, phase FOV = 1 cm, matrix size = 256 x 192,
slice thickness = 2 mm, spacing gap = 0 mm, pixel bandwidth = 88.33, flip angle =
90 °, time of repetition (TR) = 2000 ms, and the time of echo (TE) = 7.8 ms, 27.9
ms, 46.5 ms, 74.4 ms, 139.4 ms, 281.2 ms and 472.6 ms.

2.1.11 Preparation of Dox-loaded multifunctional nanocarriers (Dox-
MFNCs): Dox was loaded into the MFNCs by adding 2 mL of Dox solution (exact
concentration of Dox in the as-prepared solution being 16.39 pg mL1) to 1 mL
dispersion of as-prepared MFNCs (1475 pg) and subsequently the final volume of
the mixture was adjusted to 10 mL by adding water. Then, the mixture was stirred
at 750 rpm for 2 h at 30 °C under dark condition. The Dox-MFNCs were separated
by centrifugation (20,000 rcf, 4 °C, 20 min) and finally redispersed in water. The
Dox-MFNCs were characterized by Hitachi U-2900 UV-vis spectrophotometer,
FluoroMax-4 spectrofluorimeter, VSM, DLS and TEM in the same way as discussed
above for MFNCs. The fluorescence intensity of Dox (Aex = 480 nm and Aem = 590

nm) in the supernatant was measured and the corresponding Dox concentration
28

TH-2122_126122042



Chapter 2

was estimated from the calibration curve. The calibration curve was prepared by
making various dilutions of the drug in the supernatant obtained following the
centrifugation of unloaded MFNCs (thus normalizing the interference from the
media constituents and pH) and plotting the emission intensities as a function of
drug concentrations.> The encapsulation efficiency for Dox was determined by
using the formula:

Encapsulation efficiency (%) = {([Dox]ini = [Dox][sup)/ [Dox]ini}x 100

where, [Dox]ini and [Dox]sup are the concentrations of Dox in the solution initially
taken for the loading and in the supernatant after pelleting down the drug-loaded

MFNCs, respectively.

2.1.12 Stability of luminescence of Dox-loaded MFNCs in water and
human blood serum: The freshly prepared Dox-loaded MFNCs were re-
dispersed either in water or in human blood serum (obtained from a healthy
donor following the standard guidelines of IIT Guwahati) and the emission spectra
(Aex = 365 nm and 505 nm) of the dispersions were recorded immediately. The
MFNCs dispersion in water and human blood serum were incubated at 4 °C and 37

°C, respectively, with the emission spectra being recorded at regular intervals.

2.1.13 Dox-MFNCs treatment on HeLa cells: HeLa cells (1 x10* cells/well)
were seeded in a 96-well microtiter plate followed by overnight incubation.
Subsequently, the media were replaced with fresh one and the cells were treated
with varying concentrations of Dox-MFNCs (13.5 -161.7 pg mL-1) or Dox (0.12 -
0.82 pg mL-1) for 36 h. The viability (%) of HeLa cells, post Dox-MFNCs or Dox
treatment, was calculated by MTT assay. For CLSM, HeLa cells were grown on
cover slips as mentioned earlier and treated with 161.7 pg mL-1 of Dox-loaded
MFNCs or 3.1 pg mL-! of Dox for 4 h. Post treatment, the cells were prepared for
confocal microscopy as described earlier for MFNCs-treated cells. Finally, the cells
were observed under the confocal microscope (Zeiss LSM 780) with argon ion

laser (excitation at 488 nm) as well as multi-photon laser (excitation at 730 nm).
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2.1.14 FESEM analyses of Dox-loaded MFNCs treated HeLa cells: Hela
cells, seeded (2 x105) in 35 mm cell culture plate, were grown overnight. Next day,
the medium was replaced with fresh medium supplemented with 161.7 ug mL-1 of
Dox-loaded MFNCs (equivalent to 3.1 ug mL-1 of Dox). Following 4 h treatment
with the Dox-loaded MFNCs, the cells were thoroughly washed with PBS,
trypsinized, pelleted down by centrifugation and fixed in 2% glutaraldehyde
solution. The fixed cells were washed in graded ethanol solutions followed by
resuspension in absolute ethanol. The suspension of HeLa cells without treatment
was also prepared. The cell suspensions, obtained from treated as well as non-

treated HeLa cells, were deposited on aluminium foil-wrapped glass slides for
observation under FESEM.

2.2 Results and Discussion

As synthesize gold nanorods (AuNRs) showed an average length of 34.7 + 5.1 nm
and aspect ratio of 3.3 + 0.6 nm, iron oxide nanoparticles (IONPs) and BSA
stabilized gold nanoclusters (AuNCs) showed an average size of 8.2 + 2.2 nm and

1.6 £ 0.2 nm respectively calculated from their respective TEM images (Figure
2.1).
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Figure 2.1. (A-B) Representative TEM images of as-prepared AuNRs (scale bar: 20
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nm). (C) Length distribution of AuNRs (calculated based on 61 AuNRs using Image ]
software) showing an average length of 34.7 +5.1 nm. (D-E) Representative TEM images
of as-prepared IONPs (scale bar: 20 nm). (F) Size-distribution of IONPs (calculated based
on 109 NPs using Image ] software) showing an average size of 8.2 * 2.2 nm. (G-H)
Representative TEM images of as-prepared BSA-stabilized Au nanoclusters (scale bar: 10
nm). (I) Size-distribution of Au nanoclusters (calculated based on 31 Au nanoclusters
using Image ] software) showing an average cluster size of 1.6 + 0.2 nm.

The formation of AuNRs and IONPs was further confirmed from their
respective high resolution TEM (HRTEM) images, corresponding inverse fast
Fourier transform (IFFT) patterns, Selected area electron diffraction pattern

(SAED) and powder X-ray powder diffraction (XRD) (Figure 2.2)
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Figure 2.2. (A) HRTEM image of a AuNR (scale bar: 2 nm) showing lattice fringes with
corresponding IFFT pattern (B) revealing d = 0.226 nm of the (111) planes. (C) Selected
area electron diffraction pattern (SAED) of AuNRs. (D) Powder XRD pattern of AuNRs
showing peaks at 20 = 389, 44.40, 64.59, and 77.5° corresponding to (111), (200), (220)
and (311) planes, respectively, of face-centered cubic close packing arrangement of the
gold. (E) HRTEM image of a IONP that (scale bar: 2 nm) demonstrated lattice fringes with
corresponding IFFT pattern (F) showing inter-planar distance of d =0.282 nm due to
(311) planes of inverse spinel Fe304 NPs. (G) SAED pattern of IONPs. (H) Powder XRD
pattern of IONPs showing characteristic peaks at 26 = 309, 35.69, 43.89, 53.19, 57.49, 639
and 74.59 corresponding to (220), (311), (400), (422), (511), (440), (533) planes of
inverse spinel Fe304 NPs.
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As described in the experimental section multifunctional nanocarriers
(MFNCs) were fabricated by adopting desolvation-based approach. Field emission
scanning electron microscopic (FESEM) and transmission electron microscopic
(TEM) images (Figure 2.3 A, B) demonstrated that the MFNCs were nearly
spherical in shape with an average size of 120.5 = 27.6 nm (from FESEM, Figure
2.3C). The average hydrodynamic diameter (du) of water-dispersed MFNCs was
estimated to be 203.1 nm through DLS measurements (Figure 2.3 D). The
apparent increase in du, as compared to the size observed in FESEM and TEM,
could be due to the hydration layer formed at the nanocarrier surface in water.®
Since the optimal size-range for effective tumor-accumulation through ‘enhanced
permeation and retention’ (EPR) effect is reported to be 10-200 nm,’ the present

MFNCs (~120 nm in size and dn ~203 nm) show the potential for ‘passive

targeting’ in vivo.
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Figure 2.3. Representative (A) FESEM and (B) TEM images of MFNCs (scale bar: A - 300
nm, B - 100 nm). (C) Size-distribution of MFNCs, calculated based on 108 particles from
FESEM image using Image | software, showing an average size of 120.5 *27.6 nm. (D)
Size-distribution of the MFNCs dispersed in water as measured by DLS.

As is evident in TEM images at higher magnifications (Figure 2.4 A-C),
individual MFNCs comprised of - in addition to the easily identifiable Au NRs -
IONPs and Au nanoclusters, which could be distinguished based on the significant
difference in their respective sizes. Furthermore, high resolution TEM (HRTEM)
images of MFNCs and corresponding inverse fast Fourier transform (IFFT)
patterns (Figure 2.4 D-G) confirmed the presence of Au NRs and IONPs by

revealing the characteristic lattice fringes due to (111) plane of face-centred cubic
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(fcc) Au NRs and (311) plane of inverse spinel Fe304 NPs (IONPs), respectively.8-10
It may be mentioned here that the distribution of AuNRs and IONPs among the
MFNCs (Figure 2.4 B and A.2.1, Appendix) was not uniform. This could be due to
the possible heterogenity of interaction of AuNRs and IONPs with BSA during the
preparartion of MFNCs.

Figure 2.4. TEM image of a typical MFNC (A) and at higher magnification (B) showing
component Au NR, IONPs and ultra-small Au nanoclusters (some of them marked with
yellow circles for guidance) (scale bar: 20 nm). HRTEM images, focused at different
regions of the same MFNC, demonstrating the presence of (C) individual Au nanoclusters
(scale bar: 2 nm), (D) lattice fringes of Au NR (scale bar: 2 nm) with corresponding IFFT
pattern (E) and (F) lattice fringes of IONPs (scale bar: 5 nm) with corresponding IFFT
pattern (G).

The brown-colored colloidal dispersion of MFNCs exhibited bright red PL
(Figure 2.5 A, Figure A.2.2, Appendix) when irradiated with UV light (Aex = 365
nm). Moreover, due to the presence of the IONPs, the MFNCs could easily be
separated from the colloidal dispersion by an external magnet as shown in (Figure
2.5 A). The vibrating sample magnetometric (VSM) measurement revealed super-
paramagnetism in the MFNCs with a saturation magnetization of 4.66 emu g1 (at

room temperature) (Figure 2.5 B). However, this value was lower than that

33

TH-2122_126122042



Chapter 2

observed with free IONPs (27.88 emu g1, Figure 2.5 C). This could be a result of
incorporating non-magnetic components namely Au nanoclusters, Au NRs and

BSA within the MFNCs.
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Scheme 2.1. Schematic depiction of preparing MFNCs, their capacity for in Vitro MRI
contrasting and  magnetic targeting, Two-Photon imaging, plasmonic photothermal
therapy, and inducing cell death in cancer cells (HeLa), following successful loading and
delivery of anticancer drug Dox.
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Figure 2.5. (A) Digital photographs of aqueous dispersion of MFNCs in daylight (upper
panel) and UV light (lower panel) in absence (left panel) or presence (right panel) of
external magnet. (B) Hysteresis loop (magnetic moment, M versus applied magnetic field,
H) of MFNCs measured in VSM. (C) Hysteresis loop (magnetic moment, M versus applied
magnetic field, H) of as-prepared Fe3;04 NPs measured in vibrating sample magnetometer.
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The extinction spectrum of MFNCs (Figure 2.6 A) showed distinct band
around 800 nm due to the characteristic longitudinal LSPR of the component Au
NRs.! However, the extinction maximum of the Au NRs was observed to be red-
shifted by 50 nm in MFNCs as compared to that of CTAB-stabilized free Au NRs
(750 nm). The frequency-dependent extinction coefficients of metallic
nanomaterials including Au NRs are highly sensitive to dielectric functions of the
medium and the surface coating material(s) as well as the volume-fraction of the
latter.11.12 Thus, the shift in extinction maximum of Au NRs could be due to change
in local environment surrounding the Au NRs within MFNCs. Nonetheless, this was
all the more advantageous as the red-shift of the Au NR-associated LSPR band
allowed the MFNCs to better match the wavelength of the NIR laser (808 nm)
employed for PPTT of cancer cells in the present study. The PL excitation
spectrum of BSA-stabilized Au nanoclusters showed a weak shoulder around 365
nm and a broad band with maximum at 505 nm, which did not change significantly
following the formation of MFNCs (Figure 2.6 B). However, when excited at 505
nm, the PL emission maximum of MFNCs (Aem = 650 nm) was observed to be blue-
shifted by ~13 nm from that of as-synthesized Au nanoclusters (Aem = 663 nm)
(Figure 2.6 C). Similar blue-shift was also noticed upon excitation at 365 nm
(Figure A.2.3, Appendix). The shift in the emission maximum, as demonstrated in
our previous study,> was due to the change in pH of the aqueous dispersion of
MFNCs (pH 8.8) as compared to that of the Au nanoclusters (pH 12.0).
Interestingly, the MFNCs were found to be much superior to FITC (commonly used
organic dye for bioimaging) in terms of photostability and did not exhibit
significant photobleaching or blinking (Figure 2.6 D, Figure A.2.4, Appendix)

indicating their potential in bioimaging applications, especially as self-tracking

delivery vehicles.
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Figure 2.6. (A) Normalized extinction spectra of (a) Au NRs, (b) Au nanoclusters, (c)
IONPs and (d) MFNCs. (B) Normalized excitation spectra of (a) BSA-stabilized Au
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nanoclusters (Aem = 663 nm) and (b) MFNCs (Aem = 650 nm). (C) Normalized emission
spectra of (a) BSA-stabilized Au nanoclusters and (b) MFNCs. (D) Photostability of (a)
BSA-stabilized Au nanoclusters, (b) MFNCs and (c) FITC at excitation 505 nm.

To investigate the self-tracking capability of the MFNCs following their
internalization by cancer cells in-vitro, MFNCs treated HelLa cells were prepared
according to the method mentioned in experimental section and subsequently
observed under confocal laser scanning microscope (CLSM) with both one-photon
(argon ion laser, excitation at 488 nm) and two-photon (Ti-sapphire laser,
excitation at 730 nm) excitation sources. The red PL of MFNCs was successfully
observed inside HeLa cells, following their uptake, under one-photon (Figure 2.7
A, Figure A.2.5, Appendix) as well as two-photon excitation (Figure 2.7 B). The
control (non-treated) HeLa cells did not exhibit any fluorescence under similar
experimental conditions (Figure A.2.6, Appendix). The results demonstrated that
our MFNCs could be probed intracellularly with either conventional one-photon or
two-photon imaging. Most importantly, successful two-photon imaging of MFNCs
within cancer cells - with excitation and emission falling within the biological
window (650-900 nm) - is expected to expand their applicability for effective in
vivo imaging. Moreover, the presence of IONPs within the MFNCs supports the
possibility of their application as contrasting agent in MRI. The Tz-relaxivity of the
MFNCs was calculated to be 448.04 mM-1 s1 (Figure 2.8). The exceptional PL
properties coupled with appreciable Tz-relaxivity of the MFNCs, indeed,

demonstrated their potential in multimodal in vivo imaging.

Two-Photon

Fluorescence

Merged

Figure 2.7. CLSM images of HeLa cells, following incubation with MFNCs for 4 h,under (A)
one photon (488 nm laser; 1, 2 and 3 denote fluorescence, DIC and merged image,
respectively) and (B) two photon (730 nm multi-photon laser) excitation (scale bar: 20
um).
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Figure 2.8. (A) T>-weighted MR images of MFNCs at various dilutions with corresponding
concentrations of Fe mentioned adjacent to them (TR = 2000 ms and TE = 7.8 ms). (B) T
relaxivity of MFNCs calculated from the plot of relaxation rate versus Fe concentration.

Magnetic targeting has drawn much attention in therapeutic applications
as drug-loaded magnetic nanocarriers could be directed to the diseased area using
external magnetic field with reduced side effects caused by non-specific drug
release.1*15 Possible magnetic targeting of the present MFNCs was explored in
vitro by growing HeLa cells on two separate coverslips inside a cell culture dish
and subsequently incubating them with MFNCs while keeping an external magnet
just beneath one of the cover slips as shown in Figure 2.9 After 2 h of incubation,
when the coverslips were observed under CLSM, the cells on the cover slip just
above the magnet were found to show more red PL due to the MFNCs as compared
to the ones on the other cover slip (kept away from the magnet) (Figure 2.9). This
revealed that the MFNCs were effectively attracted toward the external magnet

resulting in higher uptake by HeLa cells near to the magnet.
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In vitro magnetic targeting
Ma Ne —_ "

W a8z

Coversli

aranenand

Experimental
: Set-up
Near to Magnet Away from Magnet
Figure 2.9. In vitro magnetic targeting of MFNCs: Experimental set-up (middle) and

CLSM images of HeLa cells on cover slips kept near (left) and away (right) from the
magnet, respectively.

As mentioned earlier, the MFNCs with extinction maxima at 800 nm are
expected to exhibit PPTT of cancer cells. To pursue this, the MFNCs were first
dispersed in water at room temperature and the dispersions having different
concentrations (with extinction of 0.35, 0.695 and 0.966 at 808 nm) were
irradiated with 808 nm NIR laser (Figure 2.10 A). The temperatures of all the
three dispersions containing MFNCs were increased by ~20 °C within 10 min of
irradiation, with only marginal increase in temperature later on. However, control
experiment with MFNCs devoid of Au NRs (TEM image in Figure A.2.7, Appendix)
resulted in an increment of ~3 °C only under similar conditions, indicating the
importance of incorporated Au NRs (within MFNCs) in generating heat under NIR
irradiation. Interestingly, when comparable amount of Au NRs was considered, the
MFNCs (extinction 0.695) were found to be as efficient as free Au NRs (extinction
0.665) in generation of heat (with temperature increase of 19.7 °C and 20.8 °C;
respectively, by 10 min). The PPTT-efficiency of the MFNCs in vitro was assessed
by irradiating MFNCs-treated HeLa cells for 10 min and determining the cell
viability at 24 h post-irradiation. As is evident in Figure 2.10 B, 55% or more HeLa
cells were killed as a result of NIR irradiation in presence of MFNCs. Control
experiments with HeLa cells in absence of MFNCs eliminated the possibility of cell
death due to laser irradiation only. Moreover, similar experiment with MFNCs

without Au NRs did not show any change in cell viability following NIR irradiation
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signifying the importance of plasmonic nature of the MFNCs for PPTT as an
additional therapeutic modality. The results of in vitro PPTT by the MFNCs are of
particular interest from in vivo view-point as the 808 nm NIR-laser has been
shown to provide deep-tissue penetration with minimum attenuation of light

during PPTT in animal models thus improving the overall therapeutic efficacy.1®
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Figure 2.10. (A) Changes in temperatures of aqueous dispersions of MFNCs (with
extinction of 0.966, 0.695 and 0.35 at 808 nm), free Au NRs (with extinction of 0.665 at
808 nm), MFNCs without Au NRs and water under NIR laser (808 nm) irradiation. (B)
Viability of HeLa cells after treatment with MFNCs or MFNCs without Au NRs and
subsequent NIR laser (808 nm) irradiation for 10 min. HeLa cells without any
nanomaterial treatment were used as control. The MTT assay was performed at 24 h post-
irradiation.

Finally, the ability of the MFNCs to deliver chemotherapeutic drugs and
eventually kill cancer cells was demonstrated in vitro using Dox as the model
anticancer drug. Dox was loaded into the MFNCs by incubating 147.5 pug mL1
MFNCs with 3.28 pg mL? Dox under gentle stirring for 2 h (as described in the
experimental section). The successful loading of Dox into the MFNCs was
confirmed by fluorescence spectroscopy which revealed an additional peak at

~590 nm, characteristic of Dox fluorescence, in the emission spectrum of Dox-

loaded MFNCs (Dox-MFNCs) (Figure 2.11 A). The drug-loading efficiency of the
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MFNCs for Dox was estimated to be ~92%. The efficient loading of Dox by MFNCs,
as reported previously,>17 could be due to the interaction of Dox with BSA through
electrostatic interaction as well as hydrogen bonding. Zeta potential () of Dox-
MFNCs (€ = -20.8 = 0.8 mV) at physiological pH was found to be increased when
compared to unloaded MFNCs (= -36.8 * 0.7mV), possibly due to the
incorporation of positively charged Dox molecules (pka 8.4). However, loading Dox
into the MFNCs did not result in significant alteration of the morphological,
magnetic, extinction and PL properties of the MFNCs (Figure 2.11, B-E). The du of
the Dox-MFNCs, 206 nm as measured by DLS (Figure 2.11, F), was well suited for
possible passive targeting as mentioned earlier. Release kinetics of Dox from the
Dox-MFNCs in vitro was studied in PBS (pH 7.4) at 37 °C. The results (Figure 2.12
A) essentially showed linear increase in cumulative Dox release in first 5 h
accompanied by slow release in later time points. Approximately 21% Dox was
found to be released from the Dox-MFNCs within 24 h. The stability of the
theranostic nanocarriers in the biological media is critical for their intended
biomedical applications. The stability of the Dox-MFNCs was checked by following
their emission spectra and it was observed that they were stable over a period of
24 h in human blood serum and 7 days in water (Figure 2.12 B-C). Moreover, TEM
analysis (Figure 2.12 D) revealed that the overall morphology of the Dox-MFNCs
did not change significantly after incubation in PBS (pH 7.4) for 7 days. The sizes
of the constituent Au NRs and IONPs were found to be intact too.

Following their incubation for 4 h, the uptake of Dox-MFNCs by HeLa cells
was followed under CLSM with single photon and two-photon (Figure 2.13 B)
excitation. The MFNCs, as already demonstrated in Figure 2.7 tended to remain in
the cytoplasm of HeLa cells following their internalization while free Dox was
observed to accumulate in the nucleus of the HeLa cells (bright red PL in Figure
2.13 A). Careful observation of the two-photon CLSM images of HeLa cells treated
with Dox-MFNCs (Figure 2.13 B and A.2.8, Appendix) and in comparison to those
with MFNCs (Figure 2.7, A.2.5, Appendix) and free Dox (Figure 2.13 A) indicated
successful internalization of Dox-MFNCs and subsequent release of Dox

(exhibiting strong PL in the nucleus) inside HeLa cells.
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Figure 2.11. (A) Normalized emission spectra of (a) MFNCs, (b) Dox and (c) Dox-MFNCs
at Aex of 505 nm. (B) Normalized extinction spectra of (a) MFNCs and (b) Dox-MFNCs. (C)
TEM image of Dox-MFNCs (scale bar: 100 nm). (D) Normalized emission spectra (a)
MFNCs and (b) Dox-MFNCs at Ae of 365 nm. (E) Hysteresis loops of (a) MFNCs and (b)
Dox-MFNCs. (F) Size-distribution curve of Dox-MFNCs as measured in DLS.
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Figure 2.12. (A) Release kinetics of Dox from Dox-loaded MFNCs in PBS (pH 7.4). Stability
of Dox-MFNCs in (B) human blood serum (HBS) and (C) water was studied by measuring
their PL intensities in corresponding medium with time. Emission spectra of Dox-MFNCs
in HBS at (B1) Aex = 505 nm and (Bz) Aex = 365 nm at different time intervals; insets:
emission spectra of only HBS at corresponding excitations. Emission spectra of Dox-
MFNCs in water at (C1) Aex = 505 nm and (C2) Aex =365 nm at different time intervals. (D1,
D;) TEM images of Dox-MFNCs after 7 days of incubation in PBS (pH 7.4) at 37 °C.
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Figure 2.13. Confocal microscopic images of HeLa cells treated with (A) Dox and (B) Dox-
MFNCs; Subscript 1, 2, 3 and 4 refer to fluorescence, DIC, merged and two photon images,
respectively. Scale bars: 10 um (A) and 20 um (B).

As a result of successful delivery of Dox by MFNCs to HelLa cells, Dox-
MFNCs were also found to efficiently kill the cancer cells in a dose-dependent
manner (Figure 2.14 A). The ICso value of the Dox-MFNCs for HeLa cells, as
determined by the cell viability assay (Figure 2.14 A), was found to be 119 ug mL-
1, which corresponded to 2.3 pg mL-1 Dox. However, slow/incomplete release of
Dox from MFNCs could lead to the apparent increase in ICso values as compared to
free Dox (ICso = 0.5 pg mL1, Figure 2.14 B).> 13 Induction of ‘apoptosis’ or
programmed cell death in HeLa cells, following the treatment with Dox-MFNCs,
was monitored from the characteristic apoptotic bodies observed under FESEM as
shown in Figure 2.15. Interestingly, the MFNCs themselves did not exhibit
significant cytotoxicity against HeLa cells (less than 14% cell death even at as high
concentration as 161.7 pg mL-, Figure 2.14 A) indicating their suitability in

theranostic applications.
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Figure 2.14. Viability of HeLa cells treated with varying concentrations of (A) MFNCs and
Dox-MFNCs (B) Dox for 36 h.

Figure 2.15. FESEM images of (A) non-treated and (B) Dox-MFNCs-treated HeLa cells
(scale bar: 2 pm).

2.3. Conclusion

In summary, we have successfully developed BSA-based plasmonic magneto-
luminescent nanocarriers (herein referred as MFNCs) by assembling Au NRs,
IONPs and Au nanoclusters in protein, without affecting their individual
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properties. The potential of the MFNCs as self-tracking luminescent probes in
theranostic applications was validated in vitro by single as well as two photon
fluorescence imaging. Moreover, the MFNCs showed considerable Tz-relaxivity
and capability of being magnetically guided, appropriate for MRI application and
targeted drug delivery, respectively. Significant extinction of the MFNCs in the NIR
window, owing to the characteristic plasmonic nature of the nanocarriers, led to
successful PPTT of HeLa cells in vitro. Following efficient loading of Dox, the
MFNCs were observed to deliver the anticancer drugs to HeLa cells successfully
leading to significant cell death while the PL of the nanocarriers helped in
visualizing the delivery through fluorescence microscopy. With the proven serum
stability, the present MFNCs could be ideal candidates for cancer theranostics
wherein they are expected to, following their accumulation in tumor through size-
dependent passive targeting and/or magnetic guidance, provide multimodal

therapy and imaging of cancer cells simultaneously.
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CHAPTER 3

Protein-Nanoparticle Agglomerates as Plasmonic-
Magneto-Luminescent Multifunctional Nanocarrier for

Imaging and Combination Therapy

Fabrication of a plasmonic-magneto-luminescent multifunctional nanocarrier
(PML-MF nanocarrier) by lysozyme-mediated agglomeration of gold-coated iron-
oxide nanoparticles (IO@AuNPs) and subsequent coating of these agglomerates
with BSA-stabilized gold nanoclusters (BSA-AuNCs) is reported in this chapter.
Agglomeration-mediated red-shifting of the plasmonic absorbance peak of
[O@AuNPs within PML-MFNCs towards NIR-biological window helped in
plasmonic photothermal therapy (PPTT) by PML-MFNCs. PML-MFNCs
demonstrated excellent in vitro bioimaging and magnetic targeting capabilities
due to strong photoluminance and superparamagnetism of the constituent AuNCs
and [O@AuNPs, respectively. PML-MF nanocarriers showed successful loading
and delivery of doxorubicin to cancer cells with significant killing efficiency that

could be synergistically improved by combining with PPTT.

4% Lysozyme @ —0@AuNPs <. —AUNCS-BSA  © —Doxorubicin

*This research work is under revision for publication in the journal ACS Appl. Bio Mater.
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3.1 Experimental section

3.1.1 Materials: Gold (III) chloride solution, iron (III) chloride hexahydrate
(FeCl3.6H20), sodium oleate, oleylamine, tetramethylammonium hydroxide
(TMAOH), hexane, dimethyl sulfoxide (DMSO0), fluorescein isothiocyanate isomer I
(FITC) were purchased from Sigma Aldrich Co., USA. Oleic acid, Lysozyme, sodium
hydroxide (NaOH), acetone and bovine serum albumin were procured from Merck,
India. Doxorubicin hydrochloride (Dox) was purchased from Parenteral Drugs
India Ltd. and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was
obtained from Himedia, India.Ethanol was purchased from Tedia (USA). Chemicals
were used with no additional purification. Milli-Q grade water (>18 MQ cm,

Millipore) was used as solvent for some of the experiments.

3.1.2 Synthesis of iron oxide nanoparticles (IONPs): 10NPs were
synthesized following thermal decomposition of iron oleate complexes. Iron oleate
complex was synthesized by mixing 3.24 g of FeCl3.6H20 and 18.25 g of sodium
oleate in a solvent mixture of 30 mL hexane, 40 mL ethanol and 70 mL water and
thereafter refluxing at 70 °C under stirring for 4 h. After 4 h of the reflux brown
colored iron oleate complex was collected from upper hexane layer and washed
with ethanol and water for many times and finally dried and stored at room
temperature for further use.

To prepare IONPs, 300 mg of the iron oleate complex was added to 1:3
mixture of oleic acid oleylamine. The mixture was first stirred at room
temperature for 30 min; then the temperature was increased to 120 °C and kept
under stirring for 1 h at this temperature. The color of the solution was found to
change to black at this point and the temperature was further increased to 200 °C
and nitrogen gas was purged. Finally, the temperature was raised to 310 °C and
kept under reflux at this temperature for 2 h more. After the completion of the
reaction, the mixture was allowed to cool down and ethanol was added for
precipitation of IONPs. Finally, IONPs were washed with ethanol and hexane
mixture for several times to remove unreacted stabilizers and salt and then
dissolved in 50 mL of hexane and store at room temperature for further use.l

48
TH-2122_126122042



Chapter 3

3.1.3 Phase transfer of IONPs: Excess ethanol was added to hexane dispersion
of IONPs for precipitation of the NPs and then NPs were separated using external
magnet. 25% aqueous solution of tetramethylammonium hydroxide (TMAOH) was
added and sonicated for 5h. Finally, IONPs were separated using external magnet
and washed with water and redispersed in 500 mL of Milli-Q water and stored for

further use.l

3.1.4 Synthesis of IO@Au NPs: 10@Au NPs were prepared following citrate
mediated reduction of Au3* in presence of IONP seeds.2-¢ Briefly, 10 mL of the
water dispersion of IONPs was mixed with 90 mL of water; then 100 mg trisodium
citrate dihydrate was added to it and sonicated for several hours. The mixture was
then heated to boil. Once boiling started, 1 mL of 17.3 mM HAuCls was added to it
and the reflux was continued for another 1 h. After completion of the reaction,
deep red colored I0@Au formed, which was characterized using TEM, XRD, UV-
visible spectroscopy and VSM and was used for the preparation of PML-MF

nanocarriers.

3.1.5 Preparation of lysozyme (Lyz) solution: 0.1 mg/mL solution of Lyz was
prepared by dissolving solid Lyz in PBS buffer (pH 7.4).

3.1.6 Formation of Lyz mediated nanoscale agglomerates of I0@Au NPs
(Lyz-10@Au agglomerates): 600 uL of 0.1 mg/mL Lyz solution was added to
35 mL of the as synthesized aqueous dispersion of IO@Au NPs and then it was
shaken gently for 30 s. The deep red colored IO@Au turned purple-blue,
confirming agglomeration of IO@Au NPs. Lyz-IO@Au agglomerates were

characterized using TEM and UV-visible spectroscopy.

3.1.7 Synthesis of luminescent AuNCs-BSA: BSA-stabilized luminescent Au
NCs were synthesized following reported protocol.” Briefly, 5 mL of 10 mM

aqueous solution of HAuCls and 5 mL of 50 mg/mL aqueous solution of BSA were
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first mixed well under vigorous stirring for 2 min at 37 °C. Then 1 M NaOH
solution was added to adjust the pH of the reaction mixture at 12. Then the
reaction mixture was stirred vigorously at 37 °C for 12 h. After 12 h, the reaction
mixture turned deep brown and showed red luminescent emission under UV light

of transilluminator, indicating the formation of AuNCs-BSA.

3.1.8 Preparation of PML-MF nanocarriers: PML-MF nanocarriers were
prepared by coating Lyz-I0O@Au agglomerates with AuNCs-BSA following acetone
based desolvation technique.”? Briefly, 30 mL of as prepared Lyz-I0O@Au
agglomerates was mixed with 5 mL of as synthesized AuNCs-BSA and pH of the
resulting mixture was adjusted to 7.4. Then acetone was added dropwise to it until
the mixture turned turbid and then the temperature was raised to 50 °C and kept
under gentle stirring for 12 h. PML-MF nanocarriers were separated from the
undesired organic solvent, chemicals and unreacted materials by first removing
the acetone using rotary evaporator followed by centrifugation. Finally, the pellet

was redispersed in water and stored at 4 °C.

3.1.9 Photostability study: Photostability of PML-MF nanocarriers and FITC
was tested using aqueous dispersion of PML-MF nanocarriers and ethanolic
solution of FITC. Sample was irradiated with light and emission intensity was
recorded with time. For each sample, experiment was performed for up to 1800 s

and PL emission intensity was recorded with an interval of 0.1 s.

3.1.10 Preparation of Dox loaded PML-MF nanocarriers (DPML-MF
nanocarriers): In a 10 mL of total mixture (referred here as loading mixture),
aqueous dispersion of PML-MF nanocarriers (containing 1.623 mg of PML-MF
nanocarriers), and aqueous solution of Dox (containing 32.8 pg of Dox) were
mixed. The mixture was then stirred for 2 h at room temperature. Finally, the
mixture was centrifuged and the pellet washed several times followed by

redispersion in water.
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BSA and Lyz protein molecules possess both hydrophobic and hydrophilic
amino acids and interact strongly with Dox. Presence of these proteins helped in
Dox loading in PML-MFNCs. The encapsulation efficiency of Dox was calculated
using PL emission of Dox (emission maximum at 591 nm) as probing tool. The
emission intensity of Dox present in the supernatant after pelleting down the
DPML-MF nanocarriers from the loading mixture was measured. To convert the
emission intensity to concentration of Dox, a standard curve was constructed by
dissolving different amount of Dox, taking the supernatant of PML-MF
nanocarriers as solvent. The supernatant of PML-MF nanocarriers was taken as
the solvent to remove the influence of different materials present in the
supernatant on the PL emission of Dox. Finally, encapsulation efficiency of Dox

was calculated by using the following formula,
Encapsulation efficiency (%) = {(CDL-CDS]/ CDL} x 100

Where CDL is concentration of Dox present in the loading mixture and CDS is
concentration of Dox present in the supernatant after pelleting down the DPML-

MF nanocarriers.

3.1.11 Cell Vviability assay: MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide based cell viability assay was performed to find out
the cytotoxic effect of PML-MF nanocarriers and DPML-MF nanocarriers. HeLa,
HepG2 and A375 cells were purchased from National Center for Cell Sciences,
India. All the cells were grown in an incubator (5% CO2 and 37 °C) and in DMEM
(Dulbecco’s modified Eagle’s medium) with 10% FBS (fetal bovine serum) and
Penicillin- Streptomycin (100 U mL-1). All the experiments were performed in 96-
well cell culture plates taking 10,000 cells in each well. Cells were either treated
with PML-MF nanocarriers or DPML-MF nanocarriers and/or irradiated with laser
and MTT based variability assay was performed 30 h post treatment or 24 h post

irradiation. Fromazane was dissolved in DMSO and absorbance at 570 nm was
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recorded using Bio-Rad 680 microplate reader. Finally, absorbance was converted

to cell viability using the following formula,

Cell Viability (%) = (Absorbance of formazane in the treated sample /

Absorbance of formazane in control sample) X 100

3.1.12 Cell imaging: Hela, HepG2 and A375 - all the cells were grown on
coverslips placed in Petri dish. 3x10> numbers of cells were added on each Petri
dish and grown overnight. Cells were then treated with PML-MF nanocarriers or
DPML-MF nanocarriers for 2 h and then washed with PBS and fixed using
formaldehyde and ethanol. Finally, cells were observed under Carl Zeiss laser

scanning confocal microscope LSM 880 with 355 and 488 nm laser excitations.

3.1.13 Magnetic targeting: For this experiment we had taken a 60 mm petri
dish and placed two coverslips at a distance. 3x10° HeLa cells were added to the
petri dish and grown overnight. A powerful neodymium magnet was placed below
one of the two coverslip. 150 pg/mL of PML-MF nanocarriers was added to it and
incubated for 2 h and then cells present on both the coverslips were fixed with
formaldehyde and ethanol and observed under observed under Carl Zeiss laser

scanning confocal microscope LSM 880 with 355 and 488 nm laser excitations.

3.1.14 Plasmonic photothermal heating and therapy: Aqueous dispersion
PML-MF nanocarriers and IO@Au NPs were taken in vials and kept under stirring
and then irradiated with 0.5 W 650 nm laser and temperature of the dispersion
was measured with a time interval. For in vitro plasmonic photothermal therapy,
10,000 HeLa cells were grown on each well of a 96-well plate. Different
concentration of PML-MF nanocarriers, DPML-MF nanocarriers and IO@Au NPs
were added to each well; treated the cells for 6 h and then irradiated with 0.5 W
650 nm laser for 10 min. MTT based cell viability assay was carried out 24 h post
irradiation. A control experiment was carried out where cells were irradiated
with laser only to check the effect of laser irradiation on cells. All the
experiments were repeated in triplicate.
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3.2 Results and Discussion

As described in the experimental section, in order to construct PML-MF
nanocarrier, first oleic acid stabilized iron oxide nanoparticles (IONPs) were
prepared by thermal decomposition of iron-oleate complexes and then phase-
transferred to water using tetramethylammonium hydroxide (TMAOH).! The
average size of the IONPs produced were calculated to be 6.7 + 1.2 nm from TEM
images (Figure 3.1 A-C). Selected area diffraction pattern (SAED) and inverse fast
Fourier transform (IFFT) of high resolution TEM (HRTEM) image of IONPs
showed the presence of characteristic 311 plane of iron oxides. (Figure 3.1 D-F).1-4
Moreover, powder XRD pattern of IONPs showed characteristic peaks (20) at
30.4°, 35.6° 43.4°, 53.8° 57.3° 63.1°, 74.5° from (220), (311), (400), (422),
(511), (440) and (533) planes (Figure 3.1 G) of cubic inverse spinal iron oxides.14
As-prepared IONPs were found to be superparamagnetic (with saturation
magnetization 27.6 emu g1, Figure 3.1 H). Digital images (Figure 3.1 I) showed

IONPs could easily be separate from their dispersion using external magnet.
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Figure 3.1. (A-C) TEM images of IONPs. (D) SAED of IONPs. (E) HRTEM and (F)
corresponding IFFT pattern of IONPs. (G) Powder XRD of IONPs. (H) Hysteresis loop of
IONPs studied under VSM. (I) Digital images of IONPs where suffixes 1 and 2 represent
photograph taken in absence and presence of magnet.
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As escribed in the experimental section [O@Au NPs (comprising of Au shell
around IONP core) were prepared in aqueous medium by reducing Au3* onto
IONPs using boiling citrate e method.?¢ Following the reduction of Au3+, the color
of the black IONP dispersion turned red, indicating the formation of gold shell
(Figure A.3.1, Appendix). The formation of Au shell around IONPs resulted in a
distinct surface plasmon resonance (SPR) peak at 521 nm as observed in the
extinction spectrum of [IO@Au NPs, which was otherwise absent in IONPs (Figure
3.2 A).26 The average size of [I0@Au NP was estimated, (form TEM images) to be
9.3 £ 2.6 nm, which was larger than that of IONPs, thus, indicating 2.6 nm thick Au
shell formed around the 10 core (Figure 3.2 B). Analyses of SAED and IFFT (from
HRTEM image) patterns revealed the presence of both Au (111) and 10 (311)
planes in a single [O@Au NP (Figure 3.2 C-E). Elemental mapping also showed

presence of both Fe and Au in the same particle (Figure 3.2 F).
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Figure 3.2. (A) Extinction spectra of (a) IONPs, (b) I0@Au NPs (B) TEM images of
[O@AuNPs. (C) HRTEM and (D) corresponding IFFT pattern of IO@AuNPs showing both
Au and 10 planes. (E) SAED pattern of IO@AuNPs showing presence of both the planes of
Au and 10. (F) Elemental mapping of IO@Au NPs showing the presence of both Au (green)
and Fe (red), (F1) scanning transmission electron microscopic image (STEM) of I0@Au
NPs, (F2) showing the mapping of Fe, (F3) showing the mapping of Au, (F4) merged image
of F1, F, and Fs.
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The powder XRD pattern of [IO@Au demonstrated the peaks (26) at 30.4°, 35.5°,
44.4°, 53.8°, 56.6° and 75.4°, characteristic of (220), (311), (400), (422), (511),
(533) planes of iron oxide and (20) at 38.42°, 45.5°, 64.8, 77.7 corresponding to
(111), (200), (220) and (311) planes of Auz¢ (Figure 3.3 A). Vibrating sample
magneto-metric (VSM) analyses showed that IO@Au were superparamagnetic
with a saturation magnetization of 12.5 emu g1 (Figure 3.3 B). Digital image
(Figure 3.3 C) also showed the magnetic nature and easy separation of [IO@Au NPs
from aqueous dispersion. Taken together, the experimental data mentioned

above confirmed the formation of [O@Au NPs.
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Figure 3.3. (A) Powder XRD pattern of IO@AuNPs showing presence of both the peaks of
Au and 10. (B) Hysteresis loop measured in VSM showing superparamagnetic nature of
10 @Au NPs. (C) Magnetic separation of IO@AuNPs under external magnetic field (both
the photographs are of same sample placed in different position).

As described in the experimental section Lysozyme (Lyz) mediated
formation of stable nanoscale agglomerates was carried out by adding Lyz

solution to the aqueous dispersion of [O@Au NPs followed by gentle mixing.8-10
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Color of the dispersion immediately turned purple-blue, indicating the completion
of the agglomeration (Figure A.3.1, Appendix).8-10 Absorption spectroscopy
showed that addition of Lyz to the aqueous dispersion of IO@Au NPs caused the
broadening and red-shifting of the SPR peak (Aam at 600 nm) of [O@Au NPs due to
Lyz-mediated agglomeration (Figure 3.4 A and G).%10 TEM images, HRTEM and
corresponding IFFT pattern, SAED and elemental mapping confirmed the

formation of agglomerates of the IO@Au NPs (Lyz-I0O@Au agglomerates) (Figure

3.4).24,8-10
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Figure 3.4. (A) Extinction spectra of (a) IO@Au NPs (b) Lyz-I0O@Au agglomerates. (B)
TEM images Lyz-I0O@Au agglomerates. (C) SAED pattern of Lyz-I0O@Au agglomerates
showing presence of both the planes of Au and IO, (D) Elemental mapping of Lyz-I0@Au
agglomerates showing the presence of both Au (green) and Fe (red); (D1) scanning
transmission electron microscopic image (STEM) of Lyz-I0O@Au agglomerates, (D)
showing the mapping of Au, (D3) showing the mapping of Fe, (D4) merged image of D4, D>
and D3. (E) HRTEM of Lyz-IO@Au agglomerates and (F) corresponding IFFT pattern, also
showing the presence of both the planes of Au and IO. (G) Normalized UV-vis spectra of
[0@Au NPs with increasing concentration of lysozyme showing sequential broadening
and red shifting of SPR absorbance spectrum of [0@Au.
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TEM images, digital images , emission and excitation spectra (Figure 3.5)
confirmed the formation of AuNCs-BSA. The emission spectra of AuNCs-BSA (at
505 nm as well as 365 nm excitation) showed strong emission peak at 666 nm due
to the core nanoclusters (Figure 3.5 D-E). In the emission spectrum of AuNCs-BSA
(at 365 nm excitation) an additional emission peak appeared at~450 nm (Figure
3.5 E), due to BSA as reported earlier.” However, control experiment with aqueous
BSA solution demonstrated strong emission maximum at 345 nm (Figure A.3.2)
confirming that the emission around 666 nm in AuNCs-BSA originated from core

AuNCs but not from BSA.
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Figure 3.5. (A-B) TEM images of AuNCs-BSA. (C) Digital images of Au@BSA NCs. Suffixes
1 and 2 represent photographs recorded in day light and in UV light, respectively. (D)
Emission spectra of AuNCs-BSA at an excitation of 488 nm. (E) Emission spectra of
AuNCs-BSA at an excitation of 365 nm. (F) Excitation spectra of AuNCs-BSA with emission
maxima fixed at 666 nm.
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Scheme 3.1. A schematic representation of the fabrication of PML-MF nanocarrier and its
capacity for plasmonic photothermal therapy, drug delivery, bioimaging and in vitro
magnetic targeting.

Finally, the PML nanocarriers were fabricated by coating of Lyz-I0@Au
agglomerates with AuNCs-BSA matrix in an acetone-mediated desolvation method
followed by heat stabilization as described in the experimental section(Scheme
3.1).7 The BSA coating around Lyz-I0@Au agglomerates was observed in the TEM
images of PML-MF nanocarrier (Figure 3.6 A-B, D). Further investigation of TEM
images, HRTEM, corresponding IFFT pattern, SAED and elemental mapping
(Figure 3.6 C-]) confirmed the presence of both IO@Au NPs and AuNCs-BSA in the
final PML-MF nanocarrier construct. The average hydrodynamic diameter of the
PML-MF nanocarriers was found to be 711 nm in DLS measurements (Figure
A.3.3, Appendix). The digital images in (Figure 3.7 A) showed that PML-MF
nanocarrier could be easily separated by an external magnet, clearly
demonstrating their plasmonic-magnetofluorescent nature. Analysis of extinction
spectra showed slight broadening following coating of AuNCs-BSA, this is due
further agglomeration of IO@Au NPs in presence of acetone and AuNCs-BSA
(Figure 3.7 B). VSM analysis showed PML-MF nanocarrier are superparamagnetic

in nature with saturation magnetization 2.3 emu g1 (Figure 3.7 C).
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111 plane of Au C

Figure 3.6. (A-B, D) TEM images of PML-MF nanocarrier. (C) SAED pattern of PML-MF
nanocarrier showing diffraction patterns of both Au and 10. (E-F, I) Magnified TEM images
of “D” showing presence of I0@Au NPs and AuNCs-BSA. (G) HRTEM of one I0@Au NP
present inside PML-MF nanocarrier and (H) corresponding IFFT pattern showing lattice
fringes of both Au and IO. (J) Elemental mapping of PML-MF nanocarrier showing the
presence of both Au (green) and Fe (red), (J1) Scanning transmission electron microscopic
image (STEM) of PML-MF nanocarrier, (J2) showing the mapping of Au, (J3) showing the
mapping of Fe, (Js) merged image of J1, ]> and J.

The excitation spectrum of AuNCs-BSA showed a broad band around 505
nm and a hump at 365 nm (Figure 3.7 D).7 As is evident from Figure 3.7 D, the
excitation spectrum did not change significantly following the formation of PML-
MF nanocarrier. However, the emission spectra of PML-MF nanocarrier - at both
the excitation wavelength of 505 nm and 365 nm - showed a blue shift of 8 nm in
emission maxima (Aem=658 nm) compared to those of as-synthesized AuNCs-BSA
(Aem=666 nm) (Figure 3.7 E-F). This shift in Aem was due to the change in pH of the
medium.” Moreover, PML-MF nanocarrier showed higher photostability (Figure
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3.7 G) than FITC indicating its superiority over the organic dyes in bioimaging

applications.”
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Figure 3.7. (A) Digital images of aqueous dispersion of PML-MF nanocarrier, (A, Az) in
day light and (A3, A4) under UV light, showing its easy magnetic separation and
magnetofluorescent nature. (B) Extinction spectra of (a) Lyz-I0@Au agglomerates and (b)
PML-MF nanocarrier. (C) VSM hysteresis loop of PML-MF nanocarrier showing
superparamagnetic nature of it. (D) Excitation spectra of (a) AuNCs-BSA and (b) PML-MF
nanocarrier with emission maxima fixed at 666 nm and 658 nm, respectively. (E)
Emission spectra of (a) AuNCs-BSA and (b) PML-MF nanocarrier at an excitation of 505
nm. (F) Emission spectra of (a) AuNCs-BSA and (b) PML-MF nanocarrier at an excitation
of 365 nm. (G) Photostability of (a) PML-MF nanocarriers (Aem = 658 nm) and (b) FITC
(Aem = 525 nm) studied at Aex of 505 nm.

As mentioned earlier, the Lyz-mediated agglomeration of IO@Au NPs
caused broadening and red shifting of SPR peak. Consequently, PML-MF
nanocarrier showed 3.3 fold increase, compared to IO@Au, in the absorbance at
650 nm (Figure 3.4 A, 3.7 B), making the former a potential candidate for PPTT of
cancer cells. Indeed, the aqueous dispersion of PML-MF nanocarrier, when
irradiated with 650 nm laser, showed a rapid increase of temperature of 5.3 °C
within 10 min followed by further increase of 0.83 °C over the next 10 min of time
(Figure 3.8 A). However, control experiment with as-synthesize IO@Au showed

only slight increase in temperature (1.5°C over 20 min) under similar set of
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conditions (Figure 3.8 A), indicating the importance of Lyz-mediated
agglomeration to enhance the PPTT ability of IO@Au NPs in PML-MF nanocarrier.
Furthermore, PPTT efficacy of the PML-MF nanocarrier in vitro was tested by first
incubating the HeLa cells with PML-MF nanocarrier for 6 h followed by laser
irradiation (with 0.5 W 650 nm laser) for 10 min. Finally, MTT-based viability
assay was carried out after 24 h of irradiation to estimate the cell death (Figure
3.8 B). Results showed that 24 % of the HeLa cells were killed when laser
irradiation was applied after PML-MF nanocarrier treatment at 200 pg/mL
(Figure 3.8 B). PML-MF nanocarrier treated cells (without laser irradiation) did
not showed any Kkilling after 30 h of incubation (Figure 3.8 B). Control experiment
with non-treated HeLa cells, on the other hand, recorded no cell death as a result
of laser irradiation only (Figure 3.8 C). Moreover, IO@Au NPs treated HelLa cells
when irradiated with laser also did not show significant killing; only 5% cells were
killed when laser irradiation was applied after treatment of 200 pg/mL I0@Au
NPs (Figure 3.8 D). Thus, the above results established PML-MF nanocarrier as an

efficient PPTT agent.

The bioimaging capability of PML-MF nanocarrier in vitro was investigated
on three different types of cancer cells HeLa, HepG2 and A375 and one normal cell
HEK. Cells were first grown on a coverslip, subsequently treated with PML-MF
nanocarrier (150 pg/mL) for 2 h and then fixed as described in the experimental
section. Fixed cells were then imaged under confocal laser scanning microscope
(CLSM) with 488 nm and 365 nm laser excitations. Bright red PL of PML-MF
nanocarriers were observed inside all the four kinds of cells at both the excitations
(Figure 3.9, 3.10). Moreover, the Z-staking images in both depth and orthogonal
projection for all the three different kinds of cancer cell lines confirmed the
internalization of PML-MF nanocarrier by the cells (Figure 3.11). The non-treated
(control) cells of all cell lines did not show any such PL under similar sets of
experimental conditions (Figure A.3.4, A.3.5, Appendix), thus, establishing the

PML-MF nanocarrier as bioimaging probe.
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Figure 3.8. (A) Temperature changes occurring under 650 nm laser irradiation of (a)
PML-MF nanocarriers and (b) I0O@Au NPs dispersed in water. (B) MTT based viability
assay of HeLa cells treated with (a) PML-MF nanocarriers and (b) I0@Au NPs followed by
650 nm laser irradiation for 10 min. (C) Viability of HeLa cells to estimate the effect of
laser irradiation (D) Viability of HeLa cells, treated with [0@Au NPs for 6 h and then
irradiated with 650 nm laser for 10 min and then again incubated for 24 h.
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Figure 3.9. CLSM images of HeLa, HepG2, A375 and HEK cells treated with PML-MF
nanocarrier for 2 h; images were recorded with 488 nm excitation laser.
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Fluorescence
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Figure 3.10. CLSM images of HelLa, HepG2, A375 and HEK cells treated with PML-MF
nanocarriers for 2 h and recorded at 355 nm excitation.

Hela A375 HepG2

Figure 3.11. Z-staking CLSM image of PML-MF nanocarrier treated HeLa, HePG2 and
A375 cells with corresponding orthogonal and depth projections showing the
internalization PML-MF nanocarriers by the cells.
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In order to get insight into uptake of PML-MF nanocarriers, internalization
studies were performed in presence of sodium azide (NaN3), a well-kwon inhibitor
of endytosis pathway.!’ When HeLa cells were incubated with PML-MF
nanocarrier in the presence of NaNs3, 82% decrease in the uptake of PML-MF
nanocarriers was estimated from the CLSM images (Figure 3.12). This indicated

the endocytosis being the preferred pathway for uptake of PML-MF nanocarriers.

Fluorescence DIC Merged

Intensity
b

i

O

With azide Without azide

Figure 3.12. CLSM images of HeLa cells treated with PML-MF nanocarrier (A) in presence
and (B) in absence of sodium azide (0.1%). (C) PL emission intensity plot calculated from
image “A” and “B”, showing 82% decrease in PL emission intensity in “A” compared to “B”
due to presence of known endocytosis inhibitor sodium azide, indicating endocytosis as
the preferred way of uptake.
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Targeting of diseases site is another important aspect of modern day
cancer theranostic.12 Magnetic nanocarriers (MNs) could be guided by peripheral
magnetic field towards disease site to avoid collateral damages. As discussed
above vibrating sample magnetometric (VSM) analysis showed that PML-MF
nanocarrier are superparamagnetic in nature with saturation magnetization 2.3
emu g-1. Although the value is lower compare to IO NPs (27.6 emu g-1) and IO@Au
NPs (12.5 emu g-1) due to contribution of diamagnetic gold shell and AuNCs-BSA,
still it is high enough for magnetic targeting.! In this regard, a model experiment
was performed in vitro where HeLa cells were grown on two coverslips placed
opposite to each other in a 60 mm petri dish.l A powerful rare earth magnet was
then placed at the bottom of one of the coverslips and the cells were incubated
with PML-MF nanocarrier for 2 h (Figure 3.13). Finally, following fixation, the cells
were visualized under CLSM (488 nm laser excitation). It was observed that cells
present on the coverslip placed just above the magnet showed much higher PL
emission intensity compared to those present on the coverslip away from magnet
(Figure 3.13), indicating the potential of PML-MF nanocarrier for magnetic

targeting.
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Figure 3.13. In vitro magnetic targeting: CLSM images of HeLa cells treated with PML-MF
nanocarrier. Top panel represents cells close to the magnet and bottom panel represents
cells away from magnet.
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As is evident from previous discussions, Lyz (helped in the agglomeration
of I0O@Au) and BSA of Au NCs-BSA composite (helped in coating the Lyz-I0@Au
agglomerates) together provided significant amount of protein matrices within
PML-MF nanocarrier. Considering the ability of proteins to efficiently carry
hydrophilic and hydrophobic drug molecules, the potential of the present PML-MF
nanocarrier a drug-carrier was evaluated by loading chemotherapeutic drug Dox.
Loading of the drug was carried out by incubating 3.28 pg mL-1 of Dox with 162.3
pg mL-1 of PML-MF nanocarrier under stirring for 2 h as described in the
experimental section. PL emission spectrum of Dox-loaded PML-MF nanocarrier
(DPML-MF nanocarrier) exhibited an additional peak at 591 nm (characteristic of
Dox), confirming the loading of the drug into PML-MF nanocarrier (Figure 3.14 A).
Encapsulation efficiency for Dox was calculated to be 82 %. The kinetics of Dox
release from DPML-MF nanocarrier was also studied in two different pH buffers
i.e., PBS buffer (pH 7.4) and acetate buffer (pH 4.4). Results showed that 30% of
the Dox was being released in PBS buffer (pH=7.4) and 37% in acetate buffer
(pH=4.4) upon 24 h of incubation at 37 °C (Figure 3.14 B, C). A comparatively fast
release of Dox was noticed up to 6 h and thereafter a slow release up to 24 h was
observed in both the buffers. DPML-MF nanocarrier was also found to be stable in
human blood serum (HBS) up to 24 h as tested by monitoring the PL emission of

DPML-MF nanocarrier with time. (Figure 3.14 D).
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Figure 3.14. (A) Emission spectra of PML-MF nanocarriers, Dox and DPML-MF
nanocarriers at an excitation of 505 nm. Release of Dox from DPML-MF nanocarriers with
time, being incubated at 37 °C in (B) pH 7.4 PBS and (C) pH 4 acetate buffers, respectively.
(D) Stability of DPML-MF nanocarriers in human blood serum. The PL emission intensities
of DPML-MF nanocarrier dispersed in HBS was measured with time at excitation 505 nm.
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The internalization of DPML-MF nanocarrier by cancer cells was confirmed
from the CLSM images (Figure 3.15) of cells treated with DPML-MF nanocarrier
for 2 h as described in the experimental section. In order to observe the Dox
emission from the DPML-MF nanocarrier-treated cells, they were examined under
CLSM by irradiation with 488 nm laser of 0.2 mW power, since preliminary
experiments (data not shown) established that laser power of less than 10 mW did
not result in detectable emission from the PML-MF treated cells. When irradiated
with 488 nm laser bright red emission of Dox was observed predominantly from
the nuclei of the DPML-MF nanocarrier-treated cells from the cells which was
absent in PML-MF nanocarrier treated cells. As Dox is known to bind to the DNA of
the cells, thus, CLSM images in Figure 3.15 essentially confirmed the release of Dox
within cells.8. Z staking images of DPML-MF nanocarrier treated cells also
confirmed the internalization of the DPML-MF nanocarrier by the cells (Figure

3.16).8
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Figure 3.15. CLSM images of HelLa, HepG2 and A375 cells treated with DPML-MF
nanocarriers for 2 h and excited at 488 nm excitation.
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Figure 3.16. Z-staking CLSM image of DPML-MF nanocarrier treated cells with
corresponding orthogonal and depth projections showing the internalization DPML-MF
nanocarriers by the cells

Successful uptake of DPML-MF nanocarrier by cancer cells was expected to
result in considerable antiproliferative efficacy, which was pursued by MTT-based
cell viability assay (Figure 3.17 A-C). Results of MTT assay showed that PML-MF
nanocarrier did not possess considerable Kkilling effect as it was only able to kill 1.2
% of HeLa, 2.6 % of Hep G2 and 3.1 % of A375 cells even at as high concentration
as 200 pg/mL (for HeLa) and 150 pg/mL (HepG2 and A375). However, DPML-MF
nanocarrier showed considerable killing effect in dose-dependent manner with
ICso values 154.4 pg/mlL, 121.6 pg/mL and 93.4 pg/mL for HeLa, HePG2 and A375
cells, respectively, which corresponded to 3.1 pg/mL, 2.4 pg/mL and 1.9 pg/mL of
Dox as calculated from the encapsulation efficiency. In a parallel set of
experiments, ICso values of free Dox was found to be 0.65 pg/mL, 0.57 pg/mL and
0.47 pg/mL for HeLa, HePG2 and A375 cells, respectively (Figure 3.18). This
increase in ICso values in terms of Dox amount for DPML-MF nanocarrier as
compared to free Dox could be due to incomplete or slow release of Dox from
DPML-MF nanocarrier as mentioned in previous studies.8 MTT assay was also
performed in normal cells (HEK) as a control experiment and the results (Figure
3.19) showed that PML-MF nanocarriers did not kill HEK cells significantly.
Nonetheless, DPML-MF nanocarriers showed significant antiproliferative effect in
HEK cells with ICso value of 211 pg/mL, similar to the cancerous cells. Although
selective anti-cancer response of the DPML-MF nanocarriers was not observed in

the present study, suitable active targeting strategies coupled with magnetic
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targeting can be employed to enable these nanocarriers for preferential

eradication of cancer in vivo.

Considering the therapeutic potential of DPML-MF nanocarrier both
as antiproliferative and PPTT agent, the combination therapeutic efficacy of
these nanocarriers was evaluated by irradiating DPML-MF nanocarrier
treated HeLa cells with 650 nm laser. The result of MTT-based cell viability
assay, presented in Figure 3.17 C, clearly demonstrated that combined
therapeutic module comprised of 650 nm laser mediated PPTT of DPML-MF
nanocarrier-treated HeLa cells was superior in Killing the cancer cells when
compared to those of either DPML-MF-treated or PPTT of PML-MF
nanocarrier-treated HeLa cells. Moreover, the isobologram plot (Figure
3.17D) further revealed the synergistic therapeutic potential of DPML-MF
nanocarrier along with PPTT and established DPML-MF nanocarrier as a
multimodal therapeutic material. The reason for synergistic action, although
not completely elucidated in the present study, could be the release of

additional Dox due to laser irradiation.13
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Figure 3.17. (A-B) MTT based cell viability of HePG2, A375 cells treated with varying
concentrations of PML-MF nanocarrier and DPML-MF nanocarrier. (C) MTT based cell
viability of HeLa cells treated with (a) PML-MF nanocarrier, (b) DPML-MF nanocarrier, (c)
PML-MF nanocarrier then irradiated with 650 nm laser and (d) DPML-MF nanocarrier
then irradiated with 650 nm laser. (D) Isobologram plots showing synergistic effect.
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Figure 3.18. MTT based cell viability of HePG2 and A375 cells treated with varying
concentrations of Dox.
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Figure 3.19. MTT based cell viability of HEK cells treated with (a) PML-MF nanocarriers
and (b) Dox loaded PML-MF nanocarriers, respectively.

3.3. Conclusion

In conclusion, we have developed an advanced plasmonic magneto luminescent
multifunctional nanocarrier (PML-MF nanocarrier) using the Lyz-mediated
agglomeration of IO@Au NPs followed by successful coating of the agglomerates
with luminescent AuNCs-BSA. Agglomeration significantly enhanced the
plasmonic absorbance of the IO@Au NPs in NIR biological window, and thus
facilitated in vitro plasmonic photothermal therapy. Luminescent nature of
AuNCs-BSA remained unaffected in PML-MF nanocarrier, and thus, acted as a

probe for bioimaging for different kinds of cancer cells including HeLa, HepG2 and
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A375. Superparamagnetic nature of PML-MF nanocarrier was utilized for in vitro
magnetic targeting, indicating the possibility of targeted drug delivery. Presence of
proteins in PML-MF nanocarrier helped to efficiently load and deliver
chemotherapeutic drug Dox to cancer cells with significant killing effect. Finally,
DPML-MF nanocarrier showed synergistic therapeutic ability in vitro, when
combined with laser irradiation of nanocarrier treated HeLa cells. Combining
therapeutic modalities like PPTT and anticancer drug delivery with magnetic
targeting, luminescence-based imaging capability and appreciable blood serum
stability, PML-MF nanocarrier, developed in the present form could be a potential

candidate for cancer theranostics.
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Cuaprter 4

Synergistic Anticancer Potential of Artemisinin When
Loaded with 8-Hydroxyquinoline-Surface Complexed-
Zinc Ferrite Magnetofluorescent Nanoparticles and

Albumin Composite

In this chapter fabrication of a novel class of magnetofluorescent theranostic
nanoparticles (MFTNPs) following ‘surface-complexation’ of zinc ferrite (ZnFe204)
NPs with 8-hydroxyquinoline is reported. The potential of these MFTNPs in
fluorescence-based bioimaging of different cancer cells was successfully
demonstrated. The superparamagnetic behavior of the MFTNPs was exploited
effectively in magnetic targeting in vitro. Finally, a well-known hydrophobic anti-
malarial and prospective anti-cancer drug artemisinin was efficiently loaded into
MFTNPs. Artemisinin loaded MFTNPs were observed to induce superior anti-
proliferative response, as compared to free drug, in cancer cells in a synergistic

mechanism with combination index of 0.1 or less.

*[ACS Appl. Bio Mater. 2018, 1, 1229-1235] - Reproduced with permission from the American

Chemical Society.
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4.1 Experimental section

4.1.1 Materials: Artemisinin, iron chloride hexahydrate (FeCl3.6H20),
trioctylphosphine oxide (TOPO), 1-octadecene, sodium oleate and fluorescein
isothiocyanate isomer I were purchased from Sigma Aldrich. 8-Hydroxyquinoline,
zinc chloride (ZnCl2), bovine serum albumin (BSA), oleic acid, and hexane were
procured from Merck, India. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and ethanol were obtained from Himedia, India and Tedia USA,
respectively. All chemicals were used without further purification. Milli-Q grade

water was used in all the experiments.

4.1.2 Preparation of Zinc ferrite nanoparticles (ZnFez04 NPs): ZnFe;04NPs
(ZFNPs) were synthesized in two steps. In the first step, a mixture of zinc oleate
and iron oleate at 1:2 ratio was prepared. For that, 26.8 mmol of FeCls.6H20, 13.4
mmol of ZnClzand 36.5 g of sodium oleate were dissolved in 3:4:7 water, ethanol
and hexane mixture and refluxed for 4 h at 70 °C. A brown color mixture of 1:2 Zn-
oleate and Fe-oleate complexes was separated from upper hexane layer, then

washed with water:ethanol mixture for five times, dried and kept for further use.

In the second step 300 mg of 1:2 Zn-oleate and Fe-oleate complex mixture,
50 pL of oleic acid and 25 mg of TOPO were added in 10 mL of 1-octadecene and
heated at 120 °C under reflux for 1 h. Then temperature was raised to 200 °C and
N2 gas were purged through it. Once N2 purging was completed temperature was
again raised to 310 °C and kept at this temperature for 2 h in order to complete
the synthesis of ZnFe204 NPs. On completion of reaction, ZnFe204 NPs were
washed with ethanol:hexane mixture and magnetically separated with the cycle
being completed for five times to remove excess reactants and then redispersed in

50 mL of hexane and stored for further use.!

4.1.3 Preparation of HQ-ZFNPs@BSA: First 2 mL of the stock ZnFe204 NPs
dispersion was diluted to 10 mL using hexane. For surface complexation, 50 pL of
the 10 mM ethanolic solution of HQ was added to it under sonication.

Complexation reaction happened immediately after addition of HQ. Surface
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complexed ZnFe204 NPs (HQ-ZFNPs) were separated using magnet and then
washed with ethanol:hexane mixture and redispersed in 1% aqueous BSA solution
under strong sonication. Aqueous dispersion of HQ-ZFNPs@BSA was further
separated with magnet and washed with 1% BSA solution for two times and

finally dispersed in 1% aqueous BSA solution and kept at 4 °C.

4.1.4 Loading of Artemisinin (ART): To load ART into HQ-ZFNPs@BSA, first 2
ml of the stock ZnFe204 NPs dispersion was diluted to 10 mL using hexane and
then 50 pL of 10 mM ethanolic solution of HQ was added to it under sonication for
complexation. Once the complexation was over HQ-ZFNPs were separated using
powerful neodymium magnet and a mixture of 2 mL of 1% BSA solution and 50 pL
of 5 mg/mL ART was added and sonicated for 2 h. ART loaded HQ-ZFNPs@BSA
was separated and washed following centrifugation. Encapsulation efficiency of
artemisinin was calculated by determining the amount of ART present on the
supernatant and comparing it with the amount of ART was initially added. To
calculate the amount of ART present on supernatant a NaOH based
spectrophotometric estimation method of ART was used.2 A standard curve was
also produced by mixing different amount of ART in the supernatant of HQ-
ZFNPs@BSA followed by measuring the absorbance following the same NaOH
based estimation method.2 Supernatant of HQ-ZFNPs@BSA was taken as solvent
to dilute ART-solutions to avoid influence of pH and other materials present in the
supernatant, on the absorbance during estimation process.? The following formula

was used to calculate the encapsulation efficiency,
Encapsulation efficiency (%)= {( Cadd - Csup) / Cadd } x 100

Where Cadd is concentration of ART originally added and Csup is concentration of
ART present in the supernatant after pelleting down the ART loaded HQ-
ZFNPs@BSA.

4.1.5 Photostability: Photostabilities of aqueous dispersions of HQ-ZFNs@BSA

and ethanolic solution of FITC were measured in HORIBA JobinYvon FluoroMax-4
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spectrofluorimeter. Data were recorded under constant irradiation of 365 nm up
to 1800 s at an interval of 0.1 s.

4.1.6 Cell viability assay: Hela, HepG2, A375, HEK, L132 and 3T3 cells were
acquired from NCCS, Pune, India. Cell culture medium was prepared by mixing
10% (v/v) fetal bovine serum (FBS) and Penicillin- Streptomycin (100 U mL-1)
with Dulbecco’s modified Eagle’s medium (DMEM) under incubation at 37 °C and
5% CO2. MTT-based cell viability assay was performed in 96-wells plate with
10,000 cells. Cells were treated with different concentrations of different (as
appropriate) materials for 24 h. For MTT assay, absorbance of the Fromazane was
measured using Bio-Rad 680 microplate reader and cell viability calculated using

the following formula:

Cell Viability (%)= {%} x 100

Here A(T) absorbance of Fromazane in the treated sample, A(C) absorbance of
Fromazane in non-treated control sample. Combination indices were calculated

using CompuSyn software.

4.1.7 Sample preparation for CLSM imaging: Cells were grown on a cover
slip and treated with 100 pg/mL of HQ-ZFNs@BSA for 2 h. After treatment, cells
were fixed with formaldehyde and chilled ethanol and mounted on a glass slide
using glycerol. Images were taken in Carl Zeiss LSM 880 microscope with 355

laser excitation.

To show the presence of HQ-ZFNPs@BSA inside lysosome, HeLa cells were
treated with a mixture of HQ-ZFNPs@BSA and Red DND-99 LysoTracker for Z2h

and then images were taken under 365 and 561 laser excitations.

4.1.8 Magnetically targeted imaging: In a 60 mm petri dish two coverslips
were positioned at maximum distance to each other and HelLa cells were grown on
them for overnight. Next, a powerful neodymium magnet was placed at the bottom
of only one coverslip. Then, 100 um/mL HQ-ZFNs@BSA was added to the petri-
dish and kept for 2 h. Cells were then fixed using formaldehyde and ethanol and

images were taken in Carl Zeiss LSM 880 microscope.
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4.2 Results and Discussion

The average size of the zinc ferrite nanoparticles (ZFNPs) was estimated to
be 6 + 1.3 nm from transmission electron microscopic (TEM) images (Figure 4.1 A,
B). High resolution TEM (HR-TEM) images (Figure 4.1 C) with corresponding
inverse fast Fourier transform (IFFT) (Figure 4.1 D) and selected area electron
diffraction (SAED) patterns (Figure 4.1 E) indicated the production of ZnFe204 NPs
with typical lattice fringes for 311 planes # The XRD pattern (Figure 4.1 F) further

confirmed the formation of FCC ZnFe204 NPs.5
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Figure 4.1. (A) TEM image of ZFNPs; (B) size distribution (calculated from 50 NPs) of
ZFNPs (C) HRTEM of ZFNPs with corresponding (D) IFFT pattern and (E) SAED pattern.
(F) Powder X-ray Diffraction (XRD) pattern of ZFNPs showing characteristic peaks at 26
of 29.7°, 35.4°, 43.0°, 53.5°, 56.8°, 62.4° and 74.0°, corresponding to (220), (311), (400),
(422), (511), (440) and (533) planes.

As mentioned in the experimental section ZFNPs were subjected to surface
complexation with HQ by adding 10 mM of HQ solution to ZnFe204 NPs dispersion
with mild sonication. Surface complexation of HQ with ZFNPs was evaluated by

examining the Fourier transform infrared (FTIR) spectra of individual
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components (namely HQ and ZFNPs) and HQ-surface complexed-ZFNPs (HQ-
ZFNPs) (Figure 4.2). FTIR spectrum of HQ-ZFNPs, as is evident from Figure 4.2,
showed characteristic peaks of HQ at 1500 cm1, 1468 cm1, 822 cm-! and 745 cm-d,
thus indicating successful surface complexation. Notably, shifting of C-O-H
stretching band from 1070 cm1to 1110 cm-! due to the formation of C-O-Zn bonds

confirmed HQ-complexation onto ZFNPs surfaces in ZnQ2 type complexes.t-”
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Figure 4.2. FTIR spectra of (a) HQ-ZFNPs, (b) ZFNPs and (c) HQ.

It may be mentioned here that as-prepared HQ-ZFNPs were observed to be
poorly water-dispersible. To circumvent this issue, HQ-ZFNPs were redispersed in
1% (w/v) aqueous solution of BSA under gentle sonication as described in the
experimental section. This resulted in the BSA-coating around the HQ-ZFNPs,8
which not only rendered the later water dispersible but also offered the
opportunity to load anti-cancer drug molecules by providing hydrophobic and
hydrophilic regions.6-8 TEM images (Figure 4.3 A) of BSA-stabilized HQ-ZFNPs
(hereafter referred as HQ-ZFNPs@BSA) revealed average particle size of 6 + 1.2
nm(Figure 4.3 B). Moreover, HR-TEM images (Figure 4.3 C) with corresponding
IFFT (Figure 4.3 D) and SAED (Figure 4.3 E) pattern demonstrated characteristic

lattice fringes for 311 planes.1* The presence of iron and zinc were confirmed in
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Energy-dispersive X-ray spectroscopy (EDX) of HQ-ZFNPs@BSA (Figure 4.3 F).
XRD pattern of HQ-ZFNPs@BSA (Figure 4.3 G) displayed characteristic peaks (20)
at 30.0°, 35.4°, 43.0°, 53.3° 56.8° 62.5° and 74.3°, similar to ZnFe204 NPs. Thus,
TEM and XRD analyses confirmed that the size and crystallinity of the core
ZnFe204 NPs were not affected as a result of surface complexation with HQ and
subsequent coating with BSA. The average hydrodynamic diameter (on) and zeta
potential (¢) of HQ-ZFNPs@BSA dispersed in water at physiological pH were
measured to be 22 nm and -20.8 + 3.2 eV, respectively (Figure 4.4).
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Figure 4.3. (A) TEM image of HQ-ZFNPs@BSA. (B) size distribution of HQ-ZFNPs@BSA.
(C) HR-TEM image and (D) corresponding IFFT pattern of of HQ-ZFNPs@BSA (E) SAED
pattern of HQ-ZFNPs@BSA (F) EDX spectrum of HQ-ZFNPs@BSA displaying the presence
of iron and zinc. (G) Powder X-ray Diffraction (XRD) pattern of HQ-ZFNPs@BSA showing
characteristic peaks at 20 of 29.7°, 35.4° 43.0°, 53.5°, 56.8°, 62.4° and 74.0°,
corresponding to (220), (311), (400), (422), (511), (440) and (533) planes.
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Figure 4.4. (A) Size-distribution of HQ-ZFNPs@BSA dispersed in water as measured by
DLS. (B) Zeta potential distribution of aqueous dispersion of HQ-ZFNPs@BSA at
physiological pH.
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Aqueous dispersion of HQ-ZFNPs@BSA was observed to exhibit strong
green fluorescence under ultraviolet (365 nm) irradiation (Figure 4.5 A), whereas
individual constituents namely HQ (ethanolic solution) or ZFNPs (hexane
dispersion) did not show any noticeable emission under similar conditions (Figure
A.4.1, Appendix). Moreover, due to the superparamagnetic nature of core ZnFe204
NPs, HQ-ZFNPs@BSA could be pulled out from aqueous dispersion by the use of a
rare earth magnet as shown in Figure 4.5 As4.It may be mentioned here that the
value of saturation magnetization of HQ-ZFNPs@BSA, as determined by vibrating
sample magnetometry (VSM) (Figure 4.5 B), was found to be 14.1 emu g-! (at
room temperature), which was lower than that recorded with as prepared ZFNPs

(23.9 emu g-1), possibly due to the presence of non-magnetic BSA in the former.®
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Figure 4.5. (A) Digital photographs of HQ-ZFNPs@BSA dispersed in water in (A12)
absence and (As4) presence of external magnetic field. (B) VSM based hysteresis study of
(a) ZFNPs and (b) HQ-ZFNs@BSA.

PR S aifSvon
ZoFe o AERER, AR
Qé\ ¢ 4% RS o
< P
Q ¥ 1 Surface complexation ;ﬁ%’, ) o ag: 2
S With 8-HQ P Artemisinin %%,
—WiheHa y, Atemisingy B
2. Phase transfer with BSA 4" Loading ‘%

© — ART ""— Surface complex _g%r;'j’_ BSA

Scheme 4.1. Schematic representation of fabricating HQ-ZFNP-based magneto-
fluorescent theranostic nanoparticles, and their use in bioimaging and magnetic targeting
in vitro. Also depicted is the loading of artemisinin (ART) into BSA-coated HQ-ZFNPs with
subsequent delivery of the drug resulting in killing of cancer cells.
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HQ has been reported to demonstrate an absorbance peak at 316 nm and a
weak emission peak at 520 nm with a quantum yield (QY) of 0.2%.” ZFNPs
dispersed in hexane, in the present study, were observed not to exhibit any
noticeable absorbance peak (Figure 4.6 A). Powder of HQ-ZFNPs showed a weak
band around 365 nm in the UV-visible absorption spectrum because of Zn-HQ
complex formation onto ZFNPs surfaces, while aqueous solution of BSA showed a
strong absorbance peak at 285 nm (Figure 4.6 B, C).24 Aqueous dispersion of HQ-
ZFNPs@BSA also displayed an absorbance band around 365 nm due to the
presence of Zn-HQ complexes on the surface of ZFNPs (Figure 4.6A).°
Fluorescence spectroscopy (Figure 4.6D) revealed negligible emission of ZFNPs
(dispersed in hexane) with emission maximum around 423 nm at an excitation
wavelength of 365 nm.* However, aqueous dispersion of HQ-ZFNPs@BSA showed
intense emission with maximum at 503 nm when excited at 365 nm (Figure 4.6D).
The emission maxima of HQ-ZNFPs@BSA was observed to be blue-shifted by 15
nm as compared to that of HQ-ZFNPs (emission maxima =518 nm), possibly
because of the BSA-coating and solvent (Figure 4.6E).” Emission spectrum of
aqueous BSA solution showed strong PL emission maximum at 345 nm when
excited at 278 nm (Figure 4.6F).° The QY of HQ-ZFNPs@BSA was estimated to be
6.3% with respect to quinine sulphate; whereas the value was only 0.53 % for
ZFNPs under similar conditions.* The excitation spectrum of HQ-ZFNPs@BSA
showed a distinct peak at 365 nm (Figure 4.6G).67 HQ-ZFNPs@BSA showed an
excited state lifetime of 22.7 ns (Figure 4.6 I) and significantly higher
photostability than routinely employed fluorescent dye FITC under continuous
irradiation of 365 nm (Figure 4.6H). Additionally, HQ-ZFNPs@BSA was observed
to be stable in human blood serum till 24 h (Figure 4.6]), indicating their potential

in bio-imaging applications.
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Figure 4.6. (A) UV-vis absorption spectra of (a) ZFNPs and (b) HQ-ZFNPs@BSA. UV-vis
spectra of (B) powdered HQ-ZFNPs (C) aqueous solution of BSA. (D) Fluorescence spectra
of (a) ZFNPs and (b) HQ-ZFNPs@BSA at excitation of 365 nm. Emission spectra of (E)
powdered HQ-ZFNPs with excitation at 365 nm (Aem=518 nm) and (F) aqueous solution
of BSA with excitation at 278 nm (Aem=345 nm) (G) Excitation spectrum of HQ-
ZFNPs@BSA. The emission maximum was set at 503 nm. (H) Photostability of (a) HQ-
ZFNPs@BSA and (b) FITC. (I) Time-resolved photoluminescence spectrum of HQ-
ZFNPs@BSA. (]) Stability of HQ-ZFNPs@BSA in human blood serum measured in terms of
fluorescence emission intensity.

The bio-imaging capacity of magneto-fluorescent HQ-ZFNPs@BSA was
further explored in vitro on HeLa, HepG2 and A375 cells. Briefly, the cells were
treated with HQ-ZFNPs@BSA for 2 h, fixed with formaldehyde and imaged under a
confocal laser scanning microscope (CLSM) as described in experimental section.
As evident from Figure 4.7 bright green fluorescence of HQ-ZFNPs@BSA was
observed in all three types of cells following their incubation with the former. The
Z-stacked images (Figure 4.8) of treated cells in both orthogonal and depth
projection lines confirmed the internalization of HQ-ZFNPs@BSA by the cells.
Non-treated cells, however, exhibited no such fluorescence under with identical
experimental conditions (Figure A.4.2, Appendix) proving the potential of HQ-

ZFNPs@BSA as fluorescent bio-imaging agent.®
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Figure 4.7. CLSM images of HQ-ZFNPs@BSA-treated HeLa, A375 and HepG2 cells
irradiated with 355 nm laser.
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Figure 4.8. CLSM Z-staking images of different cell lines showing internalization of HQ-
ZFNPs@BSA.
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Superparamagnetic nature of HQ-ZFNPs@BSA was exploited in a prototype
experiment in order to demonstrate the prospect of these magneto-fluorescent
nanoparticles in possible magnetic-targeting. For this, HeLa cells were grown on
two coverslips and then treated with HQ-ZFNPs@BSA, placing a powerful rare-
earth magnet under only one of these two coverslips. Following 2 h treatment,
cells on both the coverslips were fixed and visualized under CLSM (Figure 4.9)
using imaging parameters mentioned above in the experimental section. HeLa
cells on the coverslip placed over the magnet demonstrated significantly higher
degree of intracellular fluorescence emission as compared to those on coverslip
away from the magnet, demonstrating the prospect of HQ-ZFNPs@BSA for
magnetic targeting.® It may be mentioned here that presence of magnetic field has
been reported to slow the growth of cancer cells both in vitro and in vivo models.10
Moreover, the anti-cancer efficacy of external magnetic field could dramatically be
enhanced with the help of paramagnetic nanoparticles due to the possibility of
magnetic hyperthermia of cancer cells.!1 Similarly, magnetic targeting of HQ-
ZFNPs@BSA to cancer affected areas followed by magnetic hyperthermia using
alternating magnetic field could also lead to efficient eradication of the tumors

without affecting the nearby healthy tissues.11

Fluorescence DIC

Near to Magnet

In vitro
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Experimental
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Fluorescence DIC Merged

Away from Magnet

Figure 4.9. Demonstration of in vitro magnetic targeting with HQ-ZFNPs@BSA in HelLa
cells by CLSM. Experimental setup employed is shown in middle panel. The images of cells
on cover slips placed near and far from external magnet are shown in top and bottom
panel, respectively.
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The encapsulation efficiency of ART was estimated to be 79%. The
amount of ART present in 1 mg of drug loaded HQ-ZFNPs@BSA was calculated to
be 0.23 pg. The BSA coating around HQ-ZFNPs could play an important role in
efficient encapsulation of the hydrophobic drug, ART.8 The cytotoxicity of ART-
loaded HQ-ZFNPs@BSA against cancer cells was assessed by treating various
cancer cells with free ART, HQ-ZFNPs@BSA or ART-loaded HQ-ZFNPs@BSA for 24
h and subsequently calculating the cell viability by MTT assay (Figure 4.10). MTT
assay revealed that HQ-ZFNPs@BSA, when compared to non-treated control, was
able to inhibit the proliferation of cancer cells. In fact, HQ-ZFNPs@BSA
demonstrated cytostatic responses in cancer cells with marginal decrease (6.3% in
HeLa, 17.2% in A375 and 16.1% in HepG2) in cell viabilities with increasing
dosage. Previous studies also reported anti-proliferative and cytostatic nature Fe-
HQ complexes.13-14 Free ART, on the other hand, could not induce significant anti-
proliferative response in the cancer cells with mere 14.3% (HeLa), 20.7% (A375)
or 12.1% (HepGZ2) decrease in cell viability even at test concentration as high as
100 pg/mL of the drug.1>-16 Surprisingly, ART, when loaded into HQ-ZFNPs@BSA
showed pronounced anti-proliferative response against cancer cells with drastic
reduction of % cell viability in a concentration-dependent manner (Figure 4.10).
For example, ART-loaded HQ-ZFNPs@BSA decreased the cell viability by 88.7%,
96.8% and 84.5% in HeLa, A375 and HepG?2 cells, respectively, at the maximum
test concentration of 100 pug/mL. The ICso values of ART-loaded HQ-ZFNPs@BSA
were calculated to be 63.0 pg/mL, 70.2 pg/mL and 53.3 pg/mL, respectively, for
HeLa, Hep G2 and A375 cell lines. Further analyses based on combination indices
(CI) (Table 4.1) and isobologram plot (Figure 4.11) revealed that the anti-
proliferative effect of free ART was improved, following its loading into HQ-
ZFNPs@BSA, by synergistic mechanism. The CI were as low as 0.01, 0.04 and 0.1
in HeLa, HepG2 and A375 cells, respectively, indicating pronounced synergism of
ART and its carrier, HQ-ZFNPs@BSA. On the other hand, although non-cancerous
cells namely HEK (human embryonic kidney), L132 (human embryonic lung), and
3T3 (mouse embryonic fibroblast) were observed to respond to HQ-ZFNPs@BSA
and ART-loaded HQ-ZFNPs@BSA in a similar fashion as that of cancer cells (Figure
4.10), the corresponding CI values (L132 = 0.82, 3T3= 0.43 and HEK= 0.22) were
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much higher than those of tested cancer cells indicating the synergistic killing by

ART-loaded HQ-ZFNPs@BSA more efficient in the latter. Nonetheless, further

studies with large number of cancer as well as normal cell lines are required in

order to comment conclusively on the cancer cell-specific killing of ART-loaded
HQ-ZFNPs@BSA.

120+

-k
[o] o
o o
1 1

Cell Viability / %
s

1204

100

Cell Viability / %
3 5 2 8

o
]

0

120

=

o

(=}
|

Cell Viability / %

0

WHQ-ZFNPs@BSA B ART MART-HQ-ZFNPs@BSA

HelLa
IC,,=63.0 pg/mL, CI=0.01

125 ° 25 50 75

Concentration | pg mL-

HepG2

IC, = 70.2 pg/mL, CI=0.04

125 ' 25 ' 50 ' 75 ' 100
Concentration | pg mL"
L132

IC,,=145.6 pg/mL CI=0.82

125 7 25 ' 50 ' 75
Concentration / mg mL"

100
1

100

120 A375
o IC_=53.3 ug/mL, CI=0.1
N
N 80
.580
S 60-
3
= 40
I
020_
O+ 0 125 T 25 T 50 T 75 T100
Concentration / ng mL"
120~ HEK
IC,,= 28.2 pg/mL, CI=0.22
100
X
\
_bso—
S60-
8
= 40
o)
O 204
070 T125 T 25 T 50 T 75 T 100
Concentration / ng mL"
120 3T3
- IC,,=95 ug/mL, CI=0.43
§80-
Py
= 60-
Re}
©
< 40-
& 204
0170 T125T7 25 T 50 T 75 T 100

Concentration / mg mL-"

Figure 4.10. MTT-based cell viability of HeLa, HepG2, A375, HEK, L132 and 3T3 cells
treated with free ART, HQ-ZFNPs@BSA or ART-loaded HQ-ZFNPs@BSA for 24 h. The IC50
values and combination indices (CI) of ART-loaded HQ-ZFNPs@BSA for each cell line are

also mentioned
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Table 4.1. Combination indices of ART-loaded HQ-ZFNPs@BSA in different cell line.

Combination Index (CI)

Hel a 0.012
Hep G2 0.036
A375 0.096
HEK 022
L132 0.82
3T3 043
chm‘?“ of ART  Hel a 4/CoofART A375 /% TART HenG2
g 8 . < 5] —
% 8 \ Antagonistic effect 2 Antagonistic effect 2 ) Antagonistic effect >
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Figure 4.11. Isobologram plots showing synergistic effect of ART loaded HQ-ZFNPs@BSA
in HeLa, A375 and HePG2 cells.

This striking enhancement of the anti-proliferative effect of ART could be
partially due to the increased bio-availability of the hydrophobic drug due to
loading into HQ-ZFNPs@BSA.17 Besides, as a result of cellular internalization of
ART-loaded HQ-ZFNPs@BSA, the Fe3*ions present in ZFNPs would be converted
to Fe2* in intra-cellular condition,618 which could activate ART to generate carbon
centered radicals and consequent ROS killing cancer cells. To find out the uptake
pathway of HQ-ZFNPs@BSA in the present study, HeLa cells were simultaneously
treated with HQ-ZFNPs@BSA and 0.1% sodium azide (NaNs, a known inhibitor of
endocytosis).1? CLSM images, when compared with appropriate control, revealed
89% reduction in PL in HeLa cells co-treated with HQ-ZFNPs@BSA and NaN3
confirming endocytosis being the preferred uptake route for HQ-ZFNPs@BSA
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(Figure 4.12).1° Moreover, co-localization experiments involving the labeling of
lysosomes with LysoTracker (Figure 4.13) successfully demonstrated the
presence of HQ-ZFNPs@BSA inside the lysosomes of treated HeLa cells confirming
the fusion of HQ-ZFNPs@BSA-containing endosomes with lysosomes.20 The fact
that lysosome has an internal pH of 4.5-5 and oxide type nanoparticles (iron
oxide/ zinc ferrite) are known to leach constituent ions at acidic medium could be
the main reason behind the Fe3*release from HQ-ZFNPs@BSA inside the treated
cells.1”

Moreover, cancer cells are known to uptake large amount of iron to
support their rapid proliferation and thus have higher intracellular iron content as
compared to normal cells.2! The higher basal iron content inside cancer cells could
also lead to efficient killing of cancer cells by the present ART-loaded HQ-
ZFNPs@BSA. To this end, profiling of various cancer cells in terms of iron content
- either through direct quantification of intracellular iron by inductively coupled
plasma mass spectrometry (ICP-MS) or via indirect estimation of iron-
transporting transferrin receptors??2 - might open up newer strategies for

nanoparticle-based formulations of ART including the present one.

Fluorescence DIC Merged

Intensity
O B N W & 0

Without azide With azide

Figure 4.12. CLSM images of HeLa cells treated with HQ-ZFNPs@BSA (A) in presence and
(B) in absence of sodium azide (0.1%). (C) PL emission intensity plot calculated from
image “A” and “B”, showing 89% decrease in PL emission intensity in “A” compared to “B”
due to presence of known endocytosis inhibitor sodium azide. Indicating endocytosis as
the preferred way of uptake of HQ-ZFNPs@BSA by HelLa cells.
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HQ-ZFNPs@BSA

20 um

LysoTracker

Figure 4.13. CLSM Images of HeLa cells showing co-localization of HQ-ZFNPs@BSA with
LysoTracker-labeled lysosomes.

4.3. Conclusion

In conclusion, we have developed a magnetofluorescent nanoparticle (HQ-
ZFNPs@BSA) based on the surface complexation of ZnFe204 NP with HQ as
complexing ligand. HQ-ZFNPs@BSA demonstrated their capability in bioimaging
as well as magnetic targeting in vitro. Additionally, HQ-ZFNPs@BSA were able to
efficiently encapsulate potential hydrophobic anti-cancer drug ART and
dramatically enhance the anti-proliferative efficacy against tested cancer cell lines
in a synergistic fashion with CI of 0.1 or less. With appropriate cancer targeting
strategy, the potential of multi-modal imaging, magnetic targeting and therapeutic
efficacy of ART-loaded HQ-ZFNPs@BSA could certainly be exploited in future

cancer theranostics.
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CuaPTER 5

Surface Complexed-Zinc Ferrite Magnetofluorescent
Nanoparticles for Killing Cancer Cells and Single Particle

Level Cellular Imaging

In this chapter fabrication of novel magnetofluorescent nanoparticles by
complexation of zinc ions present on the surface of zinc ferrite nanoparticle
(ZnFe204 NP) with 8-hydroxy-2-quinolinecarboxaldehyde (HQCald) is reported.
The as prepared HQCald-complexed ZnFe204 NPs showed good quantum yield
(3.62%), high photostability, considerable excited state lifetime (5.31 ns) and high
saturation magnetization (12.7 emu g1). These magnetofluorescent nanoparticles
demonstrated bioimaging capability both at the ensemble and single particle
levels, and in vitro magnetic targeting. Moreover, the pronounced anti-
proliferative efficacy of these nanoparticles against cancer cells, with appropriate

targeting strategies, can lead to potential cancer theranostics.

-Zn-HQCald
complex
—HQCald

Magneto-
fluorescent
nanoparticles

e Particle
Level
Cellular Imaging

Singl

Cell blebbing showing
Anticancer activity

*[ACS Appl. Nano Mater. 2018, 1, 2496-2502.] - Reproduced with permission from the American

Chemical Society.
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5.1 Experimental Section

5.1.1 Materials: Iron (III) chloride hexahydrate (FeCls.6H20), 1-octadecene,
trioctylphosphine oxide (TOPO), sodium oleate, 8-hydroxy-2-
quinolinecarboxaldehyde  (HQCald), quinine sulphate and fluorescein
isothiocyanate isomer I (FITC) were acquired from sigma aldrich USA. Zinc
chloride dry (ZnCl2), oleic acid, hexane, dimethyl sulfoxide (DMSO), bovine serum
albumin (BSA) were bought from Merck, India. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were acquired from Himedia, India. Green
fluorescencent lysosomal staining kit (LysoTracker) were purchased from abcam.
Ethanol were acquired from Tedia USA. All chemicals were used without further

purification. Milli-Q grade water was used in all the experiments.
5.1.2 Preparation of Zinc Ferrite Nanoparticles (ZFNs):

5.1.2.1 Preparation of mixed Zinc (II) and Iron (Il) oleate complexes
(Zn:Fe=1:2): To synthesize zinc ferrite nanoparticles (ZnFe204 NPs), precursor
zinc (I1I) and iron (III) oleate complex mixture of molar ratio 1:2 were prepared.
Briefly, 26.8 mmol of FeCl3s.6H20, 13.4 mmol of ZnClz and 36.5 g sodium oleate
were added in a solvent mixture containing 30 mL water, 40 mL ethanol and 70
mL hexane. The resulting mixture was stir-mixed thoroughly and refluxed under
stirring for 4 h at 70°C. At the end of the reaction brown colored mixture of two
oleate complexes were separated from upper hexane layer and washed vigorously

with ethanol and water mixture to remove free oleate.

5.1.2.2 Thermal decomposition of mixed Zn (II) and Fe (III) oleate complexes
to prepare ZnFe:04+ NPs (ZFNs): ZnFe:04 NPs (ZFNs) were synthesized by
thermal decomposition of mixed Zinc (II) and Iron (III) oleate complexes (1:2).
Briefly, 300 mg of as prepared mixed Zinc (II) and Iron (III) oleate complexes, 50
uL of oleic acid and 25 mg of TOPO were mixed in 10 mL of 1-octadecene and
refluxed at 120 °C for 1 h. This resulted in change of color of the solution to black.
Then temperature was first increased to 200°C, nitrogen gas purged through it

and further heated at 310°C for 2 h. After completion of reaction ZnFe204 NPs
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were washed with ethanol and hexane solvent mixture for 5 times and finally

redispersed in 500 mL hexane.!

5.1.3 Preparation of 8-Hydroxy-2-quinolinecarboxaldehyde (HQCald)
solution: 20 mM solution of HQCald were prepared by dissolving HQCald powder

in ethanol under 2 min sonication.

5.1.4 Preparation of HQCald-ZFNs: 2 mL dispersion of as prepared ZnFe204
NPs (in hexane) was first diluted with additional 8 mL of hexane. Then 50 uL of 20
mM ethanolic solution of HQCald was added to it and sonicated for 1 minute. After
completion of complexation, ZnFe204 NPs with surface complexed HQCald
(HQCald-ZFNs) were separated with magnet and the washed three times with
hexane-ethanol mixture following magnetic separation. Finally HQCald-ZFNs were
dispersed in 1% BSA solution under sonication for 3 h then again washed twice
with water following magnetic separation and finally dispersed in 1% aqueous

BSA solution and stored at 4°C for further use.

5.1.5 Quantification of HQCald present in HQCald-ZFNs: A calibration curve
was obtained by mixing different amount of ethanolic solution of HQCald in
hexane followed by measuring their absorbance at 374 nm. In all the solutions of
different concentrations of HQCald the ratio of hexane and ethanol were kept fixed
according with the supernatant remained after the magnetic separation of
HQCald-ZFNs from a mixture of ZFNs and HQCald. Following complexation of
HQCald with ZFNs and subsequent magnetic separation of HQCald-ZFNs, the
absorbance of the supernatant was compared with the calibration curve to
determine the amount of HQCald complexed onto ZFNs. It was determined that

121 pg of HQCald was complexed to 1 mg of HQCald-ZFNs.

5.1.6 Photostability study: Photostabilities of HQCald-ZFNs and fluorescein
isothiocyanate isomer I (FITC) were studied in HORIBA JobinYvon FluoroMax-4
spectrofluorimeter. Aqueous dispersion of HQCald-ZFNs and ethanolic solution of
FITC were irradiated continuously with 376 nm light and fluorescence emission

intensity were recorded upto1800 s with an interval of 0.1 s.
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5.1.7 Quantum Yield calculation (QY): Quantum yield was calculated with
respect to the reference dye quinine sulphate. Quinine sulphate solution was
prepared in 0.1 M H2S04. The following formula is used to calculate the quantum

yield of HQCald-ZFNs.

2
Qs:QRXISXARXUSZ
P

Where, Qs is the QY of sample, Qr is the QY of quinine sulphate, Is is the area under
emission spectrum of sample, Ir is the area under emission spectrum of quinine
sulphate, Ar is the absorbance of the quinine sulphate, As is the absorbance of the
sample, n represents refractive index of the solvent suffix S and R represent
sample and reference. Refractive Index of water is 1.33. Q.Y. of quinine sulphate is

0.54 (54 %).

5.1.8 Cell viability assay: Human hepatocyte carcinoma (HepG2), cervical
cancer (HeLa) and malignant melanoma (A375) cell lines were purchased from
National Center for Cell Sciences (NCCS), Pune, India. All the cells were grown
under in humidified 5% CO2 incubator at 37 °C. Dulbecco’s modified Eagle’s
medium (DMEM) with 10% (v/v) fetal bovine serum (FBS) and Penicillin-
Streptomycin (100 U mL-1) were used as culture medium. MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) based cell viability assay
were performed using 5000 cells in quadrate for each test concentration in 96-
well cell culture plates. Subsequently, cells were treated with different
concentration of HQCald-ZFNs, ZnFe204 NPs (transferred to water using BSA) and
HQCald for 48 h. Then media were removed, the purple colored Fromazane
product of MTT dissolved in DMSO and absorbance at 570 nm were measured in a
Bio-Rad 680 microplate reader with reference absorbance at 655 nm. Cell viability

were calculated flowing the formula,

Cv(%) = {%} x 100

96

TH-2122_126122042



Chapter 5

Where Cv is the cell viability, Abs (T) absorbance of treated sample, Abs (C)

absorbance of non-treated control sample.

5.1.9 Sample preparation for bioimaging: Coverslips were first placed at the
bottom of the petri plate and 3xX105 numbers of cells of HeLa, HepG2 or A375 cells
were grown on the coverslips for 24 h. Then the cells were treated with 150
pg/mL of HQCald-ZFNs for 2 h. After treatment, cells were washed vigorously with
PBS, fixed with 1% formaldehyde for 10 min and then kept in chilled ethanol for
additional 10 min. After washing with PBS coverslips were mounted on a glass
slide using glycerin as mounting agent. Finally the cells were imaged in Carl Zeiss
laser scanning electron microscope LSM 880. For fluorescence images 355 nm

laser was used while 488 nm Ar ion laser used as transmitted light source.

To show the presence HQCald-ZFNs within the lysosomes, HeLa cells were
grown on coverslip (as described above) and then the cells were treated with a
mixture of HQCald-ZFNs (150pg/mL) and green fluorescent LysoTracker
(2uL/mL) for 2h. After the completion of treatment cells were washed 3 times
with PBS and fixed following the same protocol described above. CLSM images
were then taken using 355nm and 488nm laser. For better visibility (especially in

the merged image) pseudo blue color is used to label LysoTracker’s emission.

5.1.10 Single Particle imaging: HQCald-ZFNs and Zn-HQCald samples were
prepared by drop casting on a 0.17 mm coverslip. HelLa cells sample were
prepared by treating HeLa cells with 1.5 pg/mL HQCald-ZFNs and then cells were
fixed with formaldehyde (following the above protocol). Samples were visualized
under Carl Zeiss LSM-880 super resolution confocal laser scanning microscope
with 355nm excitation having maximum power 63 mW. Plan-Apochromat, 63x
/1.40, oil- immersion objective, GaAsP detector and Airyscan detector were used
to visualize single particle and to collect the emission spectrum of the single

particles. The blinking profiles were recorded with frame size 64 x 64 pm?2.
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5.1.11 Magnetic targeting: Two coverslips were placed opposite to each other
in a 60 mm petri plate. 3x105 HeLa cells were then grown on the coverslips for 24
h. A strong rare-earth magnet were placed at the bottom of one of the coverslips
such that the other coverslip stay away from the magnet. Then the cells were
treated with 150 pm/mL HQCald-ZFNs for 2 h. Subsequently, cells were washed,
fixed and mounted as described before. Cells were visualized and images were
captured in Carl Zeiss laser scanning electron microscope LSM 880 with an
excitation of 355 nm laser source. DIC images were taken under 488 nm argon ion

laser as transmitted light source.

5.2 Results and Discussion

Superparamagnetic ZnFe204 NPs (ZFNs) having an average size of 6 #1.3 nm
(Figure. 5.1A-B) were prepared by thermal decomposition of mixed oleate
complexes of Fe and Zn as described in the experimental section.!'? High
resolution TEM (HR-TEM) images with corresponding inverse fast Fourier
transform (IFFT) and selected area diffraction (SAED) patterns (Figure. 5.1C-E)
confirmed the formation of ZFNs by revealing characteristic lattice fringes due to
(311) and (440) planes of face-centered cubic (FCC) ZnFe204 NPs.! Moreover,
powder XRD pattern of ZnFe204 NPs (Figure. 5.1F) also demonstrated
characteristic peak at 20 of 30.0°, 35.4°, 43.1°, 53.6°, 56.8°, 62.4° and 74.0°,
originating from (220), (311), (400), (422), (511), (440) and (533) planes.3

In normal spinal structure of ZnFe204 NPs, Zn2* ions occupy tetrahedral
sites while alternate octahedral sites are taken up by Fe3* ions.3-# The Zn?2* ions
present on the surface of ZnFe204 NPs have the capacity to form complex with HQ
and its derivatives.>-¢ Surface complexation of these Zn?* ions in the present work
was performed by adding ethanolic solution of HQCald to ZnFe204 NPs (dispersed

in hexane) under gentle sonication as described in the experimental section.
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Figure 5.1. (A) TEM images of ZnFe;O0, NPs. (B) Size distribution of ZnFe;0. NPs
calculated based on 233 nanoparticles. (C) HRTEM of ZnFe;04 NPs and (D) IFFT pattern of
corresponding NP. (E) SAED pattern of ZnFe;04 NPs. (F) Powder XRD pattern of ZnFe;04
NPs and showing characteristic peaks for (220), (311), (400), (422), (511), (440), (533)
planes.

Following complexation reaction, ZnFe204 NPs with surface-complexed
HQCald (referred as HQCald-ZFNs) were thoroughly washed with hexane-ethanol
mixture to remove unreacted ligands and detached stabilizers. Successful surface-
complexation was confirmed by FTIR analysis of HQCald-ZFNs, which revealed
characteristic peaks at 1702 cm-1, 1605 cm1, 1577 cm1, 1502 cm1, 1470 cm,
1330 cm-1, 830 cm'1, 745 cm1, 605 cm-! due to HQCald (Figure. 5.2, Table 5.1). The
generation of a new peak at 1110 cm! also indicated formation of Zn-(HQCald)2
type complexes on the surface of ZFNs (Figure. 5.2).5-8 As prepared HQCald-ZFNs
were found to be poorly dispersible in water, possibly due to insolubility of Zn-
HQCald complexes in water’® However, water-dispersability of as prepared
HQCald-ZFNs was achieved by coating them with BSA taking advantage of the

strong interaction between HQ-Zn complexes and BSA.8
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Figure 5.2. FTIR spectra of (A) ZnFe,04 NPs and (B) HQCald (C) HQCald-ZFNs showing
characteristic peaks.

Table 5.1. Representing FTIR peak values with corresponding functional groups.

Wave number (Cnt') Functional group

1702 C=0 stretching of -CHO
1605 C-C or C-N bond stretching
1577 C-C or C-N bond stretching
1502 Pyridyl group of HQcald
1470 Phenyl group of HQCald
1330 C-H bending
1110 -C-0O-Zn bond Stretching
830 C-H bond out of plane wagging
745 C-H out plane wagging

in plane ring deformation
605 in-plane ring deformation

TEM images of HQCald-ZFNs showed particles with an average size of 6
+1.1 nm indicating no changes in the sizes of core ZnFe204 NPs following surface
complexation (Figure 5.3 A, B). HR-TEM images of HQCald-ZFNs, and
corresponding IFFT and SAED patterns (Figure. 5.3 C, D, E) revealed characteristic
lattice fringes due to (311) and (440) planes of fcc ZnFe204.1 Energy-dispersive X-
ray spectroscopy (EDX) from TEM also confirmed the presence of both Zn and Fe
in HQCald-ZFNs (Figure A.5.1, Appendix). Moreover, powder XRD pattern of
HQCald-ZFN demonstrated characteristic peaks of (220), (311), (400), (422),

(511), (440), (533) planes of crystalline ZnFe204 NPs.3 (Figure. 5.3, F) Taken
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together, XRD and HRTEM analyses demonstrated that the overall size as well as
crystallinity of the core ZnFe:04 NPs remained unaffected following surface

complexation with HQCald.>-7
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Figure 5.3. (A) TEM images of HQCald-ZFNs (B) Size distribution of HQCald-ZFNs
calculated based on 144 nanoparticles. (C) HRTEM of HQCald-ZFNs and (D) IFFT pattern
of corresponding NP. (E) SAED pattern of HQCald-ZFNs. (F) Powder XRD pattern of
HQCald-ZFNs and showing characteristic peaks for (220), (311), (400), (422), (511),
(440), (533) planes.

HQCald in the present study was found to exhibit strong absorption at 374
nm. Although ZFNs dispersed in hexane did not show any noticeable absorption
maxima, aqueous dispersion of HQCald-ZFNs was observed to demonstrate
absorption band around 402 nm (Figure. 5.4 A) possibly due to the formation of
Zn-HQCald complex on the surface of ZFNs. The water dispersed HQCald-ZFNs,
when irradiated with UV light, showed strong yellow PL (Figure. 5.4 B). It may be
noted here that neither ZnFe20s4 NPs nor HQCald individually exhibited any
noticeable PL (Figure A.5.2, Appendix).19-11 Moreover, HQCald-ZFNs could easily

be separated from aqueous dispersion by simply using an external magnet
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(Figure. 5.4 C). Further spectroscopic analyses revealed intense PL emission of
HQCald-ZFNs with Amax around 524 nm when excited at 376 nm (Figure. 5.4 D). PL
excitation spectrum of HQCald-ZFN showed a clear peak at 376 nm (Figure. 5.4 E).
The PL quantum yield (QY) of HQCald-ZFNs with respect to quinine sulphate was
estimated to be 3.62%. On the other hand, ZnFe204 NPs was found to be weakly
luminescent with emission maxima around 423 nm and QY of 0.5% (Figure. 5.4
D).10-11 HQCald demonstrated negligible luminescence (QY = 0.2%) with Amax
emission at 536 nm under similar conditions. In addition to strong PL, HQCald-
ZFNs were observed to be highly photostable when compared to commonly use
organic dye fluorescein isothiocyanate isomer [ (FITC) (Figure. 5.4 F). It also
exhibited an excited state lifetime of 5.31 ns (Figure. 5.4 G). HQCald-ZFNs were
also stable in human serum upto 24 h as indicated by the unchanged PL intensity
over the test period (Figure 5.4 H). Overall, the PL characteristics of HQCald-ZFNs
demonstrated appropriate intensity as well as stability often desirable of a

potential bioimaging probe.
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Figure 5.4. (A) UV-vis absorption spectra of (a) ZnFe;04 NPs, (b) HQCald and (c) HQCald-
ZFNs. (B) Digital photographs of HQCald-ZFNs dispersed in water. (C) Digital photographs
of HQCald-ZFNs in presence of external magnetic field. (D) Emission spectra of (a)
ZnFe;04 NPs, (b) HQCald and (c) HQCald-ZFN at excitation of 376 nm. (E) Excitation
spectrum of HQCald-ZFNs (Amax~ 376 nm) (F) Photostability of (a) HQCald-ZFN (b) Zn-
HQCald and (c) FITC under irradiation of 376 nm light. (G) Time-Resolved
Photoluminescence spectrum of HQCald-ZFNs. (H) Stability of HQCald-ZFNs in human
blood serum measured in terms of PL emission intensity with time.
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Single particle level measurement of HQCald-ZFNs acquired in super
resolution CLSM at 355 nm excitation showed emission spectrum similar to that of
the aqueous dispersion of HQCald-ZFNs (Figure 5.5 A). Blinking property and Airy
disk based point-spread-function distribution confirmed the possible single
particle nature of the HQCal-ZFNs (Figure. 5.5 B, C, D).12 Careful study of the
blinking profile of a HQCald-ZFN single particles showed a significant increase in
ON state (93%), compared to a Zn-HQcald complex (5%) at single particle level
and thus validating the potential of HQCald-ZFNs for use in single particle level

bioimaging (Figure. 5.5 B,E).13
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Figure 5.5. (A) Super resolution CLSM images of single HQCald-ZFN nanoparticles,
corresponding emission spectrum (inset) of the encircled single particle at 355 nm
excitation. (B) Blinking profile of single HQCald-ZFN nanoparticle. (C) Single particle
images of HQCald-ZFNs and (D) corresponding point-spread-function profile. (E) Blinking
profile of single Zn-HQCald complex.

The robust PL of HQCald-ZFN was further explored in bioimaging of cancer cells
in ensemble and single particle level. In this regard, three types of cancer cell lines
namely HeLa (cervical), HepG2 (liver), and A375 (skin) and one normal cell line

HEK 293 (embryonic kidney) were incubated with HQCald-ZFN for 2 h and
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subsequently observed under confocal laser scanning microscope (CLSM) with
355 nm laser as the excitation source (as described in the experimental section).
As is evident from CLSM images (Figure 5.6, 5.7 A.5.3-5, Appendix), all three types
of cancer cells and the one normal cell demonstrated bright yellow color following
treatment with HQCald-ZFNs indicating bio-labeling capability of the later. Further
Z-stacking analyses with corresponding orthogonal and depth projection of CLSM
images (Figure 5.8) confirmed the internalization of HQCald-ZFNs by the cancer
and normal cells. Additionally, non-treated control cells did not show such
emission under CLSM (Figure A.5.6-7, Appendix) establishing the potential of
HQCald-ZFNs as a probe for imaging cancer cells. Possible single particle level
imaging of HQCald-ZFN present inside HeLa cells was recorded by incubating the
cells with HQCald-ZFN for 2 h as described in the experimental section. Cells were
then visualized under CLSM (Aex=355nm). Distinct single particle level blinking
behavior of HQCald-ZFN was observed when present inside the cells. (Figure.5.9).
Blinking profile of the HQCald-ZFN present inside the HeLa cell (cervical cancer
cells) showed a reduction of ON state (to 4%) compared to free HQCald-ZFN
possibly due to interaction with cellular components.1* Whereas single HQCald-
ZFN present inside human embryonic kidney cells (HEK 293), a normal cell line
showed ON state of ~ 10% (Figure.5.9) This single particle level imaging study
may open up possibility for intracellular level sensing as a diagnostic tool.14-16

DIC

Fluorescence Merged

HelLa

A375

Figure 5.6. Confocal laser scanning microscopy images of HeLa, A375, and HepG2 cells
treated with HQCald-ZFNs for 2 h and then irradiated with 355 nm laser source.
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Figure 5.8. CLSM Z-staking images of HelLa, Hep G2, A375and HEK cells treated with
HQCald-ZFNs for 2 h and subsequently irradiated with 355 nm laser in both orthogonal
and depth projection confirmed internalization of HQCald-ZFNs.

Fluorescence DIC Merged
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Figure 5.9. CLSM image of single HQCald-ZFN particles present inside HEK cells and
corresponding blinking profile (inset) of the encircled single HQCald-ZFN particle.
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HQCald-ZFNs also demonstrated superparamagnetism with a saturation
magnetization value of 12.7 emu gl as recorded in vibrating sample
magnetometry (VSM). The apparent reduction of saturation magnetization in
HQCald-ZFN, when compared to that of parent ZnFe204 NPs (20.9 emu g'1), could
be due to contribution of diamagnetic BSA and HQCald to the overall mass only
(Figure 5.10). The superparamagnetic nature of HQCald-ZFN could be exploited in
magnetically targeted labeling of cancer cells. To this end, as a proof-of-concept
experiment, HeLa cells were grown on two coverslips and subsequently incubated
with HQCald-ZFNs in presence of an external magnet kept only under one
coverslip as descried in the experimental section (Figure 5.11). The coverslips,
when visualized under CLSM, revealed that cells on the coverslip near to the
magnet showed considerably higher PL compared to those away from magnet and
thus indicating the potential for magnetically targeted cellular imaging (Figure
5.11).17 It may be mentioned here that the superparamagnetic HQCald-ZFNs could
also be used as MRI contrasting agent extending the imaging modalities possible

with these MTNPs.18
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Figure 5.10. Vibrating sample magnetometric measurement (M vs H) of (a) ZnFe,04 NPs
and (b) HQCald-ZFNs.
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Figure 5.11. CLSM images of HeLa cells treated with HQCald-ZFNs for 2 h, images in
upper panel correspond to the cells placed near to external magnet while those in lower
panel correspond to the cells placed away from the magnet.

Anti-proliferative efficacy of HQCald-ZFNs against cancer cells was
evaluated by MTT-based cell viability assay as described in experimental section.
As is evident from MTT assay (Figure 5.12), ZFNs did not exhibit significant
cytotoxicity against cancer cells and was only able to reduce the cell proliferation
by 14% (at 150 pg/mL), 15% (at 150 pg/mL) and 7% (at 100 ug/mL) in HeLa,
HepG2 and A375 cells, respectively, after 48 h of treatment with maximum
concentrations tested. However, HQCald-ZFNs demonstrated strong anti-
proliferative activity in a dose-dependent manner with ICso values of 81.1 pg/mL,
32.6 pg/mL and 12.9 pg/mL against HeLa, HepG2 and A375 cells, respectively
(Figure 5.12, Table 5.2). The amount of HQCald complexed with 1 pg of HQCald-
ZFNs was estimated to be 0.12 pg in the present study (as described in the
experimental section). Hence, in other words, the ICso values in terms of HQCald

complexed with ZFNs were 9.7 ug/mL (HeLa), 3.9 pg/mL (HepG2) and 1.5 pg/mL
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(A375), respectively (Table 5.2). Free HQCald, reported to exhibit significant
anticancer activity,®19 was found to possess ICso values of 54.2 pg/mL (HeLa), 35.0
pug/mL (HepG2) and 8.7 ug/mL (A375) in the present study. Clearly, considering
the amount of HQCald, HQCald-ZFN was superior to free HQCald in killing cancer
cells. It may be noted here that treatments with normal cells (human embryonic
kidney, HEK 293) revealed an ICso value of 19.3 pg/mL for HQCald-ZFNs and 19.0
pug/mL for HQCald (Table 5.2 and Figure A.5.8, Appendix) indicating non-specific
anti-proliferative characteristic of HQCald-ZFN. Well established targeting
strategies, however, could be availed to develop HQCald-ZFN-based anti-cancer

strategy.
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Figure 5.12. Cell viability of HelLa, HepG2 and A375 cells treated with different
concentrations of ZnFe,04 NPs, HQCald and HQCald-ZFNs for 48 h.

Table 5.2. ICy0, IC50 and ICgo values for different cell lines treated with different materials.

Cell line Material IC0(ng/ml)  IC5(pg/ml)  I1Cgo(ng/ml)
e o
coume g e 408
HQCald

HQCald-:FNs Zg 18;_;_79 1;;
HQCald
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In order to gain better understanding of the mechanism of action behind
the appreciable anti-proliferative efficacy of HQCald-ZFNs, the pathway of uptake
was further explored since it was already evident from imaging experiments
(Figure 5.6) that HQCald-ZFNs were efficiently internalized by the cancer cells. To
this end, cancer cells were incubated with HQCald-ZFNs either in presence of
sodium azide or at 4 °C. Both of these incubation parameters are well established
factors to inhibit cellular endocytosis of external materials including various
nanomaterials as described in the experimental section.2? Results (Figure 5.13)
showed that inhibitors of endocytosis drastically lowered the internalization of
HQCald-ZFNs by cancer cells establishing endocytosis being the predominant

uptake pathway.

As a consequence of endocytosis, the endosomes carrying HQCald-ZFNs
were likely to fuse with lysosome, a cellular organelle with internal pH of 4.5-5.21
Labeling with LysoTracker revealed co-localization of HQCald-ZFNs with
lysosomes in treated HeLa cells confirming the presence of HQCald-ZFNs within
the lysosomes (Figure 5.14). Since Zn-HQ type complexes become less stable in
acidic environment, HQCald-ZFN is expected to liberate free HQCald within the
lysosome.?2 Preliminary studies indeed demonstrated the release of HQCald ligand
from HQCald-ZFN in acidic medium (acetate buffer pH 4.8), as probed by the
characteristic absorbance at 374 nm (Figure 5.15). Interestingly, incubation of
HQCald-ZFN in pH 7.4 (PBS) did not reveal significant release of ligand (Figure
5.15). Taken together, the experimental evidences suggested that HQCald-ZFN
were internalized by the cancer cells through endocytosis and subsequently
exposed to the acidic environment of the lysosome resulting in the release of

HQCald ligand that efficiently killed the cancer cells.
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Figure 5.13. CLSM images of HeLa cells treated with HQCald-ZFNs (A) in absence of
sodium azide and (B) in presence of 0.1% sodium azide and (C) incubated at 4 °C after
adding HQCald-ZFNs in absence of sodium azide (D) Plot of intensities calculated from
representative images showed decrease of fluorescence (~ 83%) in case of azide
treatment and (~77%) in case of incubation at 4 °C, respectively indicating drastic
decrease in HQCald uptake.

LysoTracker

1Wm

HQCald-ZFN

Figure 5.14. CLSM Images showing colocalization of HQCald-ZFNs with LysoTracker-
labeled lysosomes of HeLa cells. Pseudo blue color is used to label LysoTracker’s
emission.2324
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Figure 5.15. Release of HQCald from HQCald-ZFN at (A) PBS buffer (pH =7.4) and (B) at
acetate buffer (pH=4.8) measured in terms of increase in UV visible absorbance at 374 nm
of supernatant (after centrifugation at 25,000 RCF for 25 min).

5.3. Conclusion

In conclusion, we have successfully developed a new type of magnetofluorescent
NPs (HQCald-ZFNs) using ZnFe204 NP as magnetic core and subsequently
converting the surface Zn ions to fluorescent complexes using HQCald (an
anticancer derivative of HQ) as complexing ligands. HQCald-ZFNs exhibited good
quantum yield, high photostability, considerable excited-state lifetime and
increase in ON state at single particle level making them suitable candidates for
both ensemble and single particle level bioimaging. CLSM studies of successfully
demonstrated in vitro bioimaging capability of HQCald-ZFNs in ensemble and
single particle levels. Moreover, superparamagnetic nature of HQCald-ZFNs was
utilized to achieve magnetic targeting. Finally, MTT based viability assay in HeLa,
HepG2 and A375 cells revealed considerable antiproliferative activity of HQCald-
ZFNs against these cancer cells with ICso values of 81.1 pg/mlL, 32.6 pg/mL, and
129 pg/mlL, respectively. Thus, the present HQCald-ZFNs with efficient
bioimaging capability, responsiveness toward magnetic targeting and excellent
anti-proliferative effect on cancer cells in vitro can lead to effective anticancer

theranostics.
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Summary and Future Prospects

In summary, the present thesis reports the fabrication of four different
multifunctional theranostics nanomaterials (MFTNPs) for potential cancer
theranostics. This has been achieved by: (i) by assembling gold nanorods, iron
oxide nanoparticles, and gold nanoclusters within BSA nanoparticles and
subsequently loading doxorubicin in it, (ii) preparing lysozyme mediated
nanoscale aggregates of gold coated ironoxide core-shell nanoparticles followed
by coating them with luminescent BSA stabilized gold nanoclusters and loading
chemotherapeutic drug doxorubicin in it, (iii) by developing green emitting
complexes on the surface of zinc ferrite nanoparticles with HQ and subsequently
loading artemisinin on it, and (iv) fabricating yellow emitting complexes on the
surface of zinc ferrite nanoparticles with derivative of HQ 8-hydroxy-2-
quinolinecarboxaldehyde. All the MFTNPs developed here has been demonstrated
for fluorescent bioimaging, in vitro magnetic targeting and anticancer efficacy.
Moreover, some of them have also been demonstrated for photothermal therapy,
combination therapy, two-photon or single particle based bioimaging and
magnetic resonance imaging. Taken together, all the MFTNPs showed significant
cancer theranostics effect in in vitro model. However, future studies should be
carried out in animal models in order to employ them clinical treatments.
Additionally, the unification strategies used here to fabricate MFTNPs namely use
of protein matrix and surface complexation are versatile in nature and hence
should be further explored for the development of newer MFTNPs with novel

theranostics potential.

The design and the development of different MFTNPs in the present thesis
was carried out through systematic modification of one from the other with the
objective to mainly reduce the complexity of the system, to make it more robust
and to ultimately achieve all the functionalities in a single nanostructure. In the

second chapter, all the different components AuNRs, IONPs and Au nanoclusters
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were separately incorporated into BSA nanoparticle to achieve plasmonic and
magneto fluorescent properties. In the third chapter, the complexity was reduced
by using a single nanomaterial (I0@Au NPs) for both plasmonic and magnetic
functionalities instead of using two separate materials. And the robustness of the
system was increased by coating the IONPs with Au to protect the IONPs in acidic
environment of stomach. In the fourth chapter surface complexation reaction was
carried out on the magnetic zinc ferrite nanoparticle’s surface to achieve a single
nanoparticle with magneto-fluorescent characteristic. After that the drug
artemisinin was loaded into it to achieve the anticancer effect. In chapter five, the
complexity was further reduced and the robustness was increased by simply
replacing the surface complexing ligand HQ with an anticancer active ligand 8-
hydroxy-2-quinolinecarboxaldehyde, which eliminate the requirement of an

additional drug.

In the second and third chapters, Dox was used as the chemotherapeutic
drug. Basically, the loading and release of Dox in these two nanocarriers are
mainly based on the hydrophobic, hydrophilic, hydrogen boding and Van der
Waals interaction with the protein BSA and lysozyme with Dox. These interactions
of Dox and proteins are basically reversible in nature, permitting encapsulated
molecules to be released. We observed ~92% encapsulation of Dox in the Chapter-
2 (in case of MFNCs) when 147.5 L-1 MFNCs was incubated with 3.28 ug mL-1 of
Dox. In the third chapter (in case of PML-MFNCs), when 3.28 pg mL-1 of Dox was
incubated with 162.3 pg mL-1 PML-MF nanocarrier 82% encapsulation was
observed. From these data it is clear that the encapsulation of Dox/mg of carrier
was slightly higher in MFNCs compared to PML-MF nanocarrier. This could be
because of the differences in composition of the proteins and contribution of the
protein to the overall mass of the nanocarriers. In the fourth chapter, the amount
of artemisinin present in 1 mg of drug loaded HQ-ZFNPs@BSA was calculated to
be 0.23 pg with encapsulation efficiency 79%. This result could not be compared
with the encapsulation efficiency of the Chapter-1 or Chapter-2 as the drug is
different thus, the interaction of the drug with BSA would also be different. In the

fourth chapter, the drug 8-hydroxy-2-quinolinecarboxaldehyde itself acts as the
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complexing agent for the surface Zn2* ions present on zinc ferrite nanoparticles

thus the encapsulation efficacy was not possible to be calculated.

Among many proteins, BSA was chosen for designing the experiments
reported in the thesis because albumin proteins are present in blood plasma and
thus immunological responses against it would be very limited and moreover due
to structural similarities, BSA could easily be replaced with HSA for the
preparation of similar nanocarriers for in vivo applications. In addition, some
types of tumors (for examples prostate, lung and breast) possess over-expressed
albumin receptors, hence naturally facilitating preferential accumulation of
albumin based nanocarriers onto the tumor. Furthermore, the only clinically
approved nanocarrier, abraxane, is also based on albumin protein and
pharmacokinetics of this has been extensively studied, thus, pharmacokinetics
study of albumin-based carriers is well established. Lysozyme also helps in
limiting immunological responses and easily forms aggregates in presence of
nanoparticles. Due to the above reasons, BSA and lysozyme have been chosen for

the developments of all the nanocarriers.

Although, the present thesis did not involve direct in vivo experiments, yet
all the nanocarriers were designed keeping in mind future in vivo applicability.
Towards the goal, the primary focus was to use inorganic nanoparticles containing
only non-toxic metals. Hence inorganic nanoparticles made of iron, zinc and gold
were used in this study as none of these elements demonstrate toxicity. Secondly,
all the nanocarriers designed in the present thesis contain albumin protein on
their surface. As discussed earlier, presence of albumin on the surface of the
nanocarriers could restrict the immunological responses and may also achieve
targeting capability for certain type of cancer. In addition, for any nanocarrier to
acts as a drug delivery vehicle, it is important to have high stability in blood during
circulation in the body. In this regard we have tested the stability of the
nanocarriers in human blood serum. We found all the nanocarriers in the present
thesis work have high stability in human blood serum for at least 24 h. Another
important factor for in vivo application is the size of the nanocarriers to achieve

passive targeting. In chapter-2 the reported average size of the nanocarrier is
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Chapter-6

120.5 + 27.6 nm and the average hydrodynamic diameter (6H) of water-dispersed
MFNCs was estimated to be 203.1 nm; this size rage is within the limit to achieve
passive targeting. In chapter-4 and chapter-5, the size of the nanocarrier reported
is around 10 nm; this sized nanocarriers could also be helpful for passive targeting
as the size range for the nanocarrier for passive targeting is considered to be 10
nm-200 nm. The PML-MF nanocarrier (Chapter-3) is relatively larger in size
(average hydrodynamic diameter 711 nm). This higher sized nanocarriers ideally
would not be able to achieve passive targeting; however, the smaller sized PML-
MF nanocarriers could be developed along the lines of the synthetic protocol
stated in this chapter with a modification of using reduced quantity of lysozyme

with respect to the [O@Au NPs.

In vivo studies and modification of the nanocarrier based on the findings of
those in vivo responses would be one the most important continuity of the present
thesis towards future commercial realization of these MFTNPs. Moreover,
integration of the active targeting following surface modification of the
nanocarrier, loading of multiple drugs together and achieving magnetic
hyperthermia along with plasmonic photothermal therapy are some important

aspect which could be explored in future.
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Appendix

A2: Chapter 2

Characterization of Au NRs, Fe304 NPs, Au nanoclusters and MFNCs:
Digital images of aqueous dispersions of Au NRs, Fe304 NPs, Au nanoclusters and
MFNCs were taken using a Nikon Coolpix L810 camera; while Spectroline UV-lamp
of 365 nm was used to visualize their photoluminescence. The UV-visible
extinction and photoluminescence spectra of samples were recorded in a Hitachi
U-2900 UV-vis spectrophotometer and FluoroMax-4 spectrofluorimeter (HORIBA
JobinYvon), respectively. Powder X-ray diffraction patterns were recorded in
Brucker D8 Advance X-ray diffractometer (for Au NRs) and Rigaku TTRAX III X-
ray diffractometer (for Fes0s NPs). Vibrating sample magnetometer (VSM 7410
series) was used for measuring magnetic properties of the samples. For
transmission electron microscopy (TEM), aqueous dispersions of appropriate
samples were deposited on carbon-coated copper TEM grids and air dried. TEM,
high resolution TEM (HRTEM) images and selected area electron diffraction
(SAED) patterns of the samples were obtained in JEOL JEM 2100 operating at an
accelerating voltage of 200 kV. Gatan Digital Micrograph software was used to
obtain inverse fast Fourier transform (IFFT) images. Elemental concentration of
iron in the MFNCs, following acid digestion, was measured using Varian AA240FS
atomic absorption spectrometer. Christ Alpha 1-4 LD lyophilizer was used to
obtain lyophilized powder form aqueous dispersions of BSA-stabilized Au
nanocluster and MFNCs. Dynamic light scattering (DLS) based particle size
analysis and zeta potential of the samples were done using Zetasizer Nano ZS90,
Model No. ZEN3690, Malvern. For field emission scanning electron microscopy
(FESEM), aqueous dispersion of MFNCs was deposited on an aluminium foil-
wrapped glass slide and then air-dried. Finally, gold coating was done in a SC7620
“Mini” Polaron Sputter Coater (Quorum Technologies, Newhaven, England) and
the sample was analyzed with SIGMA, Carl Zeiss field emission scanning electron
microscope.
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Appendix

Figure A.2.1. (A-D) Additional TEM images of MFNCs (scale bar: 100 nm in A, 50 nm in B,
20 nm in C and 50 nm in D). (E) TEM image of a MFNC at higher magnification
demonstrating the presence of individual AuNR, IONPs and Au nanoclusters (a few
marked with yellow circles) (scale bar: 10 nm).
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Appendix

Figure A.2.2. Digital images of aqueous dispersion of (A) BSA-stabilized Au nanoclusters,
(B) IONPs and (C) AuNRs. Subscripts 1 and 2 denote dispersion under daylight and UV
light (365 nm), respectively. Subscripts 3 and 4 denote dispersion in presence of external
magnet under daylight and UV light (365 nm), respectively.
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Appendix
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Figure A.2.3. Normalized emission spectra of (a) BSA-stabilized Au nanoclusters and (b)
MFNCs at the excitation wavelength of 365 nm showing a blue-shift of the emission
maximum from 663 nm (Au nanoclusters) to 650 nm (MFNCs). Additional peak around
~430 nm is due to emission of the BSA.
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Figure A.2.4. Photostability of (a) BSA-stabilized Au nanoclusters (Aem = 663 nm), (b)
MFNCs (Aem = 650 nm) and (c) FITC (Aem = 525 nm) studied at Aex of 365 nm.
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A

Figure A.2.5. A typical CLSM image of MFNCs treated HelLa cells with corresponding (A)
orthogonal and (B) depth projection showing the internalization of MFNCs by the cells.
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Appendix

Figure A.2.6. CLSM images of untreated HeLa cells under (A) one photon (488 nm laser
excitation; 1, 2 and 3 denote fluorescence, DIC and merged image, respectively; scale bar:
20 um) and (B) 730 nm multi-photon laser excitation (scale bar: 10 um).
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Figure A.2.7. TEM image of control MFNCs without AuNRs used in PPTT experiment in
vitro (scale bar: 50 nm).
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Appendix

Orthogonal projection

Depth projection

Dox-MFNCs

Dox

Figure A.2.8. A typical CLSM image of Dox-MFNCs treated HeLa cells with corresponding
(A) orthogonal and (B) depth projection showing the internalization of Dox-MFNCs by the
cells. CLSM image of Dox-treated HeLa cells with corresponding (C) orthogonal and (D)
depth projection showing the internalization of the drug.
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Appendix

A3: Chapter 3

Instruments used for characterization: All the photoluminescence spectra
were recorded in HORIBA JobinYvon FluoroMax-4 spectrofluorimeter. All the
extinction spectra were recorded in Hitachi U-2900 UV-vis spectrophotometer. All
the X-ray Powder diffraction (XRD) studies of the nanomaterials were carried out
in Rigaku TTRAX III X-ray diffractometer. Superparamagnetic nature and
corresponding magnetic saturation of the IONPs, [0@Au NPs and PML-MF
nanocarriers were tested using 7410 series vibrating sample magnetometer.
Transmission electron microscopic images, high resolution transmission electron
microscopic images (HRTEM), selected area electron diffraction (SAED) patterns
and elemental mapping of all the samples were recorded using JEOL JEM 2100 or
JEOL JEM 2100F transmission electron microscope. Gatan Digital Micrograph
software was used to find out the IFFT patterns and corresponding lattice spacing
of the HRTEM images. Carl Zeiss confocal laser scanning microscope LSM 880 was

used to obtain all the cell images and corresponding Z-stack images.
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Figure A.3.1. Digital images of aqueous dispersion IONPs, [0@Au NPs and [O@AuNPs-Lyz
agglomerates showing color change from black to red to purple-blue.
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Appendix
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Figure A.3.2. Emission spectrum of the aqueous solution of BSA at an excitation of 278
nm.
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Figure A.3.3. Distribution of hydrodynamic diameters of PML-MF nanocarriers
(dispersed in aqueous medium) as measured by DLS.
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Appendix

Fluorescence DIC Merged
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Figure A.3.4. Control CLSM image of HeLa, HepG2, A375 and HEK cells at 488 nm
excitation.
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Fluorescence DIC ~ Merged

A375 Hep G2 Hela

HEK

10 pm

Figure A.3.5. Control CLSM image of HelLa, HepG2, A375 and HEK cells at 355 nm
excitation.

A-10

TH-2122_126122042



Appendix

A4: Chapter 4

Instruments used for characterization: Transmission electron microscopic
images, high resolution transmission electron microscopic images (HR-TEM) and
selected area electron diffraction (SAED) patterns and energy-dispersive X-ray
spectrum (EDX) were obtained using JEOL JEM 2100F TEM at 200 KV.
Nanoparticle dispersions of appropriate concentration were drop-cast on a
carbon-coated copper grids, then dried and visualized under TEM. HR-TEM and
SAED images were further analyzed using Gatan Digital Micrograph software to
find out lattice fringes. Hitachi U-2900 UV-vis spectrophotometer was used for
recording uv-vis absorbance spectra. PL emission and excitation were recorded
using HORIBA FluoroMax-4 instrument. Powder XRD pattern of ZnFe204 NPs and
other samples were recorded using Rigaku TTRAX III X-ray diffractometer.
Magnetic measurements to obtain hysteresis loop and saturation magnetization
were performed using 7410 series vibrating sample magnetometer. Carl Zeiss
confocal LSM 880 was used to obtain fluorescence image of cells. Nikon Coolpix

LB810 camera was used to acquire digital photographs.

Day light Uv lig Day light Uv light

/A‘ =

=

Zn FeZO . NPs

Figure A.4.1. Digital images of ZnFe;04 NPs and HQ under day light or UV light and in
presence or absence of magnet.
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Appendix

Fluorescence
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Figure A.4.2. CLSM images of control cells taken in similar sets of conditions as treated
one.
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Appendix

A5: Chapter 5

Instruments used for characterization: All the digital Photograph have
been taken using Nikon Coolpix L810 camera either in daylight or under
Spectroline UV-lamp (365nm) (UV light source). Fluorescence emission and
excitation spectra were recorded using HORIBA JobinYvon FluoroMax-4
spectrofluorimeter. UV-vis absorbance spectra were recorded using Hitachi U-
2900 UV-vis spectrophotometer. Powder XRD were recorded using Rigaku TTRAX
[II X-ray diffractometer. Magnetic measurement and hysteresis loop of ZnFe204
NPs and HQCald-ZFNs were obtained from 7410 series vibrating sample
magnetometer. TEM images, High resolution TEM (HR-TEM) and Selected Area
Electron Diffraction (SAED) patterns and Energy-dispersive X-ray spectrum (EDX)
were recorded using JEOL JEM 2100F and JEOL JEM 2100 Transmission Electron
Microscope at an operating voltage 200 KV. TEM Samples were prepared by drop
casting of dispersion on carbon-coated copper grids. Processing of HR-TEM
images to find out IFFT patterns and lattice spacing were carried out using the
Gatan Digital Micrograph software. Carl Zeiss laser scanning microscope LSM 880

were used for fluorescence cell imaging.
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Figure A.5.1. EDX spectrum of HQCald-ZFNs showing presence of both Zn and Fe.
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Appendix

Figure A.5.2. Digital photography of (A) ZnFe;0s NPs dispersed in hexane and (B)
ethanolic solution of HQCald. Subscript 1,2,3,4 designate in day light, in day light and in
presence of magnet, under Uv light (365 nm) and under UV light (365 nm) in presence of
magnet respectively.

Fluorescence
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Figure A.5.3. Additional CLSM images of HeLa cells treated with HQCald-ZFNs for 2 h and
irradiated with 355 nm laser
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Fluorescence DIC Merged
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Figure A.5.4. Additional CLSM images of Hep G2 cells treated with HQCald-ZFNs for 2 h
and irradiated with 355 nm laser.

20 ym

Figure A.5.5. Additional CLSM images of A375 cells treated with HQCald-ZFNs for 2 h and
irradiated with 355 nm laser.
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Fluorescence Merged
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Figure A.5.6. CLSM images of non-treated control cells irradiated with 355 nm laser.
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Figure A.5.7. CLSM images control of HEK cells.
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Figure A.5.8. Cell viability of HEK cells treated with different concentrations of ZnFe;0.
NPs, HQCald and HQCald-ZFNs for 48 h.
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Department :  Chemistry
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Comments and Suggestions on the Thesis
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Recommendation: Based on his work | recommend that Ph.D degree be

awarded to Mr. Uday Narayan Pan
Detailed report

Please find the below comments of the thesis entitled “Multifunctionalization
of Nanoscale Particles for Cancer Theranostics” by Mr. Uday Narayan Pan
presents development of plasmonic and magneto luminescent nanomaterials
for bioimaging, magnetic targeting and plasmonic photothermal therapy. The
thesis is well written supported by systematically generated results
published in reputed journals in the field. There are few queries that may

be addressed by Mr. Uday Narayan Pan while defending his thesis.
Chapter 2

Comment 1. Magnetic saturation of MFNCs is very low (4.66 emu/g) but the
T2relaxation is pretty high (448 per mM second) Can this be explained?

Author’s response: Iron oxide nanoparticles showed magnetic saturation
28.88 emu/g. Decrease in magnetization from 28.88 emu/g of IONPs to 4.66
emu/g of MFNCs is due to the integration of diamagnetic materials like AuNRs,
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BSA and Au nanoclusters, which contribute to the weight only. On the other hand,
according to standard convention [Nat. Commun. 2014, 5, 5093.,, Chem. Soc. Rev.,
2012, 41, 2575-2589], r2 relaxivity of the MFNCs was calculated with respect to
iron concentration present in MFNCs. Chen et al in their study (Nat. Commun.
2014, 5, 5093.), also observed magnetic saturation to decrease from 63.7 emu/g
(Fe304 NPs) to 15.2 emu/g (silica-CS-SPs) while r2 relaxivity increased from 55.7
mM-1S-1to 402.7 mM-1 S-1.

There are some other factors also which influence the r2 relaxivity. Aggregation
of magnetic nanoparticles is a major factor known for enhancing r2 relaxivity
dramatically [Nat. Commun. 2014, 5, 5093; Chem. Soc. Rev., 2012, 41, 2575-2589].
Aggregation of magnetic nanoparticles embedded in a silica nanoparticle can even
increase its r2 relaxivity close to its theoretical limits [Adv. Mater. 2011, 23, 4793-
4797]. Similarly, in our case, the magnetic nanoparticles are embedded in BSA
matrix resulting in their close proximity within MFNCs. This could lead to high r2
relaxivity of MFNCs. Moreover, the IONPs used for building the MFNCs were
synthesized by thermal decomposition and thereby having better crystallinity
compared to IONPs synthesized by co-precipitation method. This also may
contribute to higher r2 relaxivity [J. Phys. Chem. B, 2009, 113,7033-7039, Chem.
Soc. Rev,, 2012, 41, 2575-2589] observed for the MFNCs.

Comment 2. In fig 2.13, two photon imaging has only decreased background
fluorescence. Is that what intended by using the technique?, as single photon
images show fairly good information about particle uptake. In fact, two photon
images show Dox predominantly in nucleus, whereas single photon images show

some localization in cytoplasm. This requires some introspection.

Authors’ response: The photoluminescence of MFNCs having emission at 650
nm, as depicted in the Scheme 2.1. and later on experimentally demonstrated in
Figure 2.6, can be used for imaging the MFNCs inside cancer cells in vitro by one-
photon (lex = 488 nm) or two-photon excitation (lex = 730 nm). Thus, 650 nm
emission of the MFNCs will be suitable for in vitro imaging of the nanocarriers.
Additionally, since the two photon emission (650 nm) and excitation (730 nm) of

the MFNCs both lies within the biological window (650-900 nm) suitable for in
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vivo imaging, the 650 nm emission of the MFNCs could possibly be exploited for in
vivo imaging with two photon excitation. I believe that the MFNCs having emission
maximum at 650 nm and significant emission at higher wavelengths (with ~50%
emission intensity around 710 nm) would be useful for effective in vivo imaging.
Au nanoclusters with similar emission (~650 nm) have been successfully used for
in vivo imaging (RSC Adv., 2015, 5, 63821-63826, Nanoscale 2013, 5, 1624-1628).
For example, Zhang et al. (RSC Adv., 2015, 5, 63821-63826) successfully obtained
in vivo fluorescent images with the 520 nm excitation and 710 nm emission
wavelengths following intra-tumoral injection of Au nanoclusters having emission

maximum at 640 nm.

Moreover, as mentioned above, in case of the two-photon imaging the
multiphoton laser (730nm) is used which has much better penetration capacity
compared to single photon light and due to higher wavelength, it is also less
susceptible towards scattering by other cellular components. This could become
effective in elimination of the background fluorescence even in case of in vitro cell
imaging. Dox, on the other hand, always show predominant localization in the
nucleus due to its nature of interaction with DNA. In our opinion elimination of
background fluorescence following use of multiphoton laser is possibly the reason
we did not observed much fluorescence emission intensity in cytoplasm in case of

two photon images.

In this regard, the purpose of 650 nm emission as an effective in vitro imaging
tool and its future potential for in vivo imaging have already been discussed in the

Thesis (Page 35) as below:

“...The results demonstrated that our MFNCs could be probed intracellularly
with either conventional one-photon or two-photon imaging. Most importantly,
successful two-photon imaging of MFNCs within cancer cells - with excitation and
emission falling within the biological window (650-900 nm) - is expected to

expand their applicability for effective in vivo imaging....”
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Chapter 3.

Comment 1. NIR window starts at 650nm and there could be marginal
interference from biological molecules. Can the absorption of PML-MF tubed

to >650nm? If so how?

Authors’ response: In the present multifunctional nanocarrier, as mentioned
in the chapter-2, lysozyme helps in agglomeration of the IO@Au NPs. This
lysozyme mediated agglomeration of the IO@Au NPs helps in three different
ways - (i) the agglomerates have much bigger nanoscale structures compared
to [O@Au NPs which have been subsequently coated with BSA-AuNCs to
prepare the present PML-MF nanocarriers, (ii) it significantly increases the
plasmonic absorbance at the NIR biological spectral window, which helps in
improving the plasmonic photothermal ability of the PML-MF nanocarriers,
and (iii) like most proteins, lysozymes also possess hydrophobic as well as
hydrophilic sites, thus facilitating the loading of chemotherapeutic drug
within the PML-MF. Now, if the amount of the lysozymes is increased with
respect to the amount of the IO@Au NPs the extent of the agglomeration
would increase and the plasmonic absorbance will be more red shifted. Thus,
by simply increasing the ratio of lysozymes to [O@Au NPs the absorbance
could be shifted to much higher wavelength. Although, increase in the amount
of lysozymes with respect to IO@Au NPs would also increase the size of the
agglomerates and thus, will increase the overall size of the PML-MF
nanocarriers. Very large size PML-MF nanocarriers will negatively impact the
passive targeting ability of the nanocarrier following enhanced permeability
and retention effect. Thus, a middle ground is chosen in designing PML-MF
nanocarrier, where the ratio of lysozyme to IO@Au NPs were adjusted in such
a way that the plasmonic photothermal ability is achieved without much
affecting the passive targeting ability of it. Moreover, if we start with large
size IO@Au NPs it will be easy to achieve absorbance in much higher
wavelength in NRI region without much increasing the overall size of the
carrier. However, large size [O@Au NPs would be difficult to remove by renal

clearance, hence, that approach is avoided.
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Comment 2. Quantum yield of AuNCs after encapsulation in PML-MF

calculated?

Authors’ response: The relative fluorescence quantum yields are calculated
with respect to a reference dye. The following formula is used to calculate the

quantum yield.

2
QS:QRXISXARXUSZ
P /-

Where, QS is the quantum yield (@) of sample, QR is the quantum yield (®) of
the reference dye, IS is the area under emission spectrum of sample, IR is the
area under emission spectrum of reference dye, AR is the absorbance of the
reference dye, AS is the absorbance of the sample, n represents refractive

index of the solvent suffix S and R represent sample and reference.

In the present case as it is evident from the Figure 1 (Thesis figure
number Figure 2.6 A) the IO@Au NPs has strong absorbance in the same
region where of the Au nanocluster absorb light (At 505 nm). Thus, in PML-
MF nanocarrier it is not possible to find out the exact contribution in
absorbance of Au nanoclusters at 505 nm. Thus, calculation of quantum yield
of Au nanocluster from the absorbance data of PML-MF nanocarrier would

give highly erroneous result hence, it is avoided in the present study.

Extinction

00 800 1000

400 6
Wavelength / nm

Figure 1. (A) Normalized extinction spectra of (a) Au NRs, (b) Au
nanoclusters, (c) IONPs and (d) MFNCs.
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Comment 3. Optical interaction between Au nanoclusters and Au
nanoparticles is discussed well in literature. Keeping that in mind, will there
be any photothermal response if we excite the Au nanocluster in blue region

so that its emission at 650 nm excites plasmons of [O@Au?

Authors’ response: Photothermal response - if any- would be low for Au
nanoclusters as the absorbed light is emitted with high efficiency. Moreover,
blue light would not be suitable for in vivo photothermal applications even if

it indirectly excite the plasmon of IO0@Au NPs.

Comment 4. Fig 3.15 and Fig 3.16 shows predominant localization of Dox in
nucleus. Dox release within 2h seems like burst release. Should this be

concern for drug delivery system?

Authors’ response: Doxorubicin is known to have strong interaction with
DNA with significant enhancement of fluorescence quantum yield (Mol
Pharmaceutics2010761959-1973.). Due to this, it is found that doxorubicin
treated cells always shows a significant localization of the fluorescence
emission from the nucleus of the cell compared to the cytoplasm of the cells

(Small 11 (33), 4075-4081 ; Small 9 (20), 3493-3493).

The loading and release of doxorubicin (Dox) in PML-MF nanocarriers
is mainly based on the hydrophobic, hydrophilic, hydrogen boding and Van
der Waals interaction with the BSA (J. Mater. Chem. B, 2013, 1,3906;
Molecules 2016, 21, 1706; Biochem Biophys Rep. 2016 Sep; 7: 201-205).
These interactions of Dox and BSA are basically reversible in nature,
permitting encapsulated molecules to be released (Journal of Drug Delivery
Volume 2011, Article ID 370308, 15 pages). Diffusion-driven drug release
could be the best possible release mechanism for the release of Dox from
PML-MF nanocarrier (Journal of Drug Delivery Volume 2011, Article ID
370308, 15 pages). This kind of interactions mostly shows burst release of the
drug. We agree with the examiner’s concern that the release of the drug in
controlled fashion is always desirable for any drug delivery vehicle. We did
not achieve that in the present study. Although, the present nanocarrier could

be modified to achieve controlled or pH-triggered delivery of the drug.
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Moreover, we have observed only 30% release of the Dox over 24h of time in
pH buffer 7.4, so, rest of the drug could be photothermally triggered once the

carrier goes inside the cells.
Chapter 5

The claim high magnetic saturation for the value 12.7 emu/g, is it

appropriate?

Authors’ response: IONPs were synthesized following thermal
decomposition of iron oleate complexes. In this method highly crystalline
IONPs form and show very high saturation magnetization (Nature Materials
volume 3, pages891-895 2004). In the present case, IONPs showed saturation
magnetization 20.9 emu g-1, which was further reduced to 12.7 emu g-1

following contribution of diamagnetic BSA and complexing ligand.

Based on his work I recommend that Ph.D degree be awarded to Mr. Uday

Narayan Pan.

Abroad Examiner

Recommendation: The thesis is commended for the award of the Ph.D.

degree.

Detailed report

The thesis describes the synthesis and in vitro application of multi-functional
nanostructures comprising plasmonic nanoparticles, magnetic nanoparticles

loaded with drugs for cancer theranostics. The ideas of combining different
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functional nanoparticles is innovative and the thesis represents an

advance in nanomedicine. Some points that should be discussed include.

Comment 1: The summary and future prospects chapter is brief. It is
important to note that all the experiments are in vitro and translational
hurdles to apply these novel therapeutics in patients need to be discussed.
Specifically, the combined multifunctional nanostructures as seen in Fig 2.4
appear large and disorganized. Is there a way to create synthetic route for
monodisperse structure? Also, due to the large size, injection into the vascular
system and penetration into tumors may be difficult. As such the thesis would
benefit from discussion of transport of these structures and potential

applicability in vivo.

Comment 2: The thesis would benefit by discussion of the synthesis
rationale. What were the different approaches tried to combine the different
components, and why was one chosen over another? How does the DOX and
other drug loading vary with the different synthetic approaches. What is the

role of the protein and why were the specific protein chosen?

Authors’ response: In responses to the Comment-1 and Comment-2 the
following part (Marked in blue) is included in the summery and future prospects

of the present thesis.

Chapter-6

Summary and Future Prospects

“In summary, the present thesis reports the fabrication of four different
multifunctional theranostics nanomaterials (MFTNPs) for potential cancer
theranostics. This has been achieved by: (i) by assembling gold nanorods, iron
oxide nanoparticles, and gold nanoclusters within BSA nanoparticles and
subsequently loading doxorubicin in it, (ii) preparing lysozyme mediated
nanoscale aggregates of gold coated ironoxide core-shell nanoparticles followed
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by coating them with luminescent BSA stabilized gold nanoclusters and loading
chemotherapeutic drug doxorubicin in it, (iii) by developing green emitting
complexes on the surface of zinc ferrite nanoparticles with HQ and subsequently
loading artemisinin on it, and (iv) fabricating yellow emitting complexes on the
surface of zinc ferrite nanoparticles with derivative of HQ 8-hydroxy-2-
quinolinecarboxaldehyde. All the MFTNPs developed here has been demonstrated
for fluorescent bioimaging, in vitro magnetic targeting and anticancer efficacy.
Moreover, some of them have also been demonstrated for photothermal therapy,
combination therapy, two-photon or single particle based bioimaging and
magnetic resonance imaging. Taken together, all the MFTNPs showed significant
cancer theranostics effect in in vitro model. However, future studies should be
carried out in animal models in order to employ them clinical treatments.
Additionally, the unification strategies used here to fabricate MFTNPs namely use
of protein matrix and surface complexation are versatile in nature and hence
should be further explored for the development of newer MFTNPs with novel

theranostics potential.

The design and the development of different MFTNPs in the present thesis
was carried out through systematic modification of one from the other with the
objective to mainly reduce the complexity of the system, to make it more robust
and to ultimately achieve all the functionalities in a single nanostructure. In the
second chapter, all the different components AuNRs, IONPs and Au nanoclusters
were separately incorporated into BSA nanoparticle to achieve plasmonic and
magneto fluorescent properties. In the third chapter, the complexity was reduced
by using a single nanomaterial (I0@Au NPs) for both plasmonic and magnetic
functionalities instead of using two separate materials. And the robustness of the
system was increased by coating the IONPs with Au to protect the IONPs in acidic
environment of stomach. In the fourth chapter surface complexation reaction was
carried out on the magnetic zinc ferrite nanoparticle’s surface to achieve a single
nanoparticle with magneto-fluorescent characteristic. After that the drug
artemisinin was loaded into it to achieve the anticancer effect. In chapter five, the
complexity was further reduced and the robustness was increased by simply

replacing the surface complexing ligand HQ with an anticancer active ligand 8-
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hydroxy-2-quinolinecarboxaldehyde, which eliminate the requirement of an

additional drug.

In the second and third chapters, Dox was used as the chemotherapeutic
drug. Basically, the loading and release of Dox in these two nanocarriers are
mainly based on the hydrophobic, hydrophilic, hydrogen boding and Van der
Waals interaction with the protein BSA and lysozyme with Dox. These interactions
of Dox and proteins are basically reversible in nature, permitting encapsulated
molecules to be released. We observed ~92% encapsulation of Dox in the Chapter-
2 (in case of MFNCs) when 147.5 L-1 MFNCs was incubated with 3.28 pg mL-1 of
Dox. In the third chapter (in case of PML-MFNCs), when 3.28 pg mL-1 of Dox was
incubated with 162.3 pg mL-1 PML-MF nanocarrier 82% encapsulation was
observed. From these data it is clear that the encapsulation of Dox/mg of carrier
was slightly higher in MFNCs compared to PML-MF nanocarrier. This could be
because of the differences in composition of the proteins and contribution of the
protein to the overall mass of the nanocarriers. In the fourth chapter, the amount
of artemisinin present in 1 mg of drug loaded HQ-ZFNPs@BSA was calculated to
be 0.23 pg with encapsulation efficiency 79%. This result could not be compared
with the encapsulation efficiency of the Chapter-1 or Chapter-2 as the drug is
different thus, the interaction of the drug with BSA would also be different. In the
fourth chapter, the drug 8-hydroxy-2-quinolinecarboxaldehyde itself acts as the
complexing agent for the surface Zn?* ions present on zinc ferrite nanoparticles

thus the encapsulation efficacy was not possible to be calculated.

Among many proteins, BSA was chosen for designing the experiments
reported in the thesis because albumin proteins are present in blood plasma and
thus immunological responses against it would be very limited and moreover due
to structural similarities, BSA could easily be replaced with HSA for the
preparation of similar nanocarriers for in vivo applications. In addition, some
types of tumors (for examples prostate, lung and breast) possess over-expressed
albumin receptors, hence naturally facilitating preferential accumulation of
albumin based nanocarriers onto the tumor. Furthermore, the only clinically
approved nanocarrier, abraxane, is also based on albumin protein and
pharmacokinetics of this has been extensively studied, thus, pharmacokinetics
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study of albumin-based carriers is well established. Lysozyme also helps in
limiting immunological responses and easily forms aggregates in presence of
nanoparticles. Due to the above reasons, BSA and lysozyme have been chosen for

the developments of all the nanocarriers.

Although, the present thesis did not involve direct in vivo experiments, yet
all the nanocarriers were designed keeping in mind future in vivo applicability.
Towards the goal, the primary focus was to use inorganic nanoparticles containing
only non-toxic metals. Hence inorganic nanoparticles made of iron, zinc and gold
were used in this study as none of these elements demonstrate toxicity. Secondly,
all the nanocarriers designed in the present thesis contain albumin protein on
their surface. As discussed earlier, presence of albumin on the surface of the
nanocarriers could restrict the immunological responses and may also achieve
targeting capability for certain type of cancer. In addition, for any nanocarrier to
acts as a drug delivery vehicle, it is important to have high stability in blood during
circulation in the body. In this regard we have tested the stability of the
nanocarriers in human blood serum. We found all the nanocarriers in the present
thesis work have high stability in human blood serum for at least 24 h. Another
important factor for in vivo application is the size of the nanocarriers to achieve
passive targeting. In chapter-2 the reported average size of the nanocarrier is
120.5 £ 27.6 nm and the average hydrodynamic diameter (0H) of water-dispersed
MFNCs was estimated to be 203.1 nm; this size rage is within the limit to achieve
passive targeting. In chapter-4 and chapter-5, the size of the nanocarrier reported
is around 10 nm; this sized nanocarriers could also be helpful for passive targeting
as the size range for the nanocarrier for passive targeting is considered to be 10
nm-200 nm. The PML-MF nanocarrier (Chapter-3) is relatively larger in size
(average hydrodynamic diameter 711 nm). This higher sized nanocarriers ideally
would not be able to achieve passive targeting; however, the smaller sized PML-
MF nanocarriers could be developed along the lines of the synthetic protocol
stated in this chapter with a modification of using reduced quantity of lysozyme

with respect to the [O@Au NPs.
In vivo studies and modification of the nanocarrier based on the findings of
those in vivo responses would be one the most important continuity of the present
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thesis towards future commercial realization of these MFTNPs. Moreover,
integration of the active targeting following surface modification of the
nanocarrier, loading of multiple drugs together and achieving magnetic
hyperthermia along with plasmonic photothermal therapy are some important

aspect which could be explored in future.”

Comment-3. The overall formatting of the thesis is excellent. However,

there are minor grammar issues.

Authors’ response: Grammar mistakes has been corrected in the

introduction section of the thesis.
The following part (marked in blue/red) is modified in the thesis...........
Page 2:

..... Nanomaterials composed of noble metals like gold, silver and palladium interact with
external electromagnetic radiations.®7 Under the exposure of a particular wavelength of light
surface electrons of these nanomaterials (depending upon their size, shape and constituent
metals) form plasmons (coherent oscillation of surface electrons), that cause strong
extinction of light (absorption and scattering)....... "

Page 4:

...... Properties like smaller and uniform size, high biocompatibility and easy surface
functionalization also enhanced their demand for clinical cancer theranostics.......... 't

Page 5:

........ If the frequency of the alternating magnetic field is sufficiently high, a very small
quantity of superparamagnetic nanoparticles may increase the local temperature of the
disease sites and resulting in killing of the cancerous cells and thus making them desirable for
reducing of collateral damage......”

Page 14:
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........ Nanoparticle surfaces facilitate partial unfolding of the Lyz - which enmesh ether more
protein molecules and nanoparticles resulting to the agglomeration of the AuNPs....”

Pagel5:

........ Thus, the strategy of the formation of inorganic complexes, with anticancer activities, on
the surface of magnetic metal oxide nanoparticles, could be used as an alternative method for
the development of multifunctional theranostic nanomaterials......”

Overall, this is a very exciting body of work with peer-reviewed
publications in high quality journals. The combinations of different
modalities could definitely advance cancer nanomedicine. The thesis is well
written but could benefit from a discussion of rational behind different
approaches and barriers/challenges for translation in vivo in terms of size
transport, stability, tumor targeting by EPR or other effects and efficacy, all of

which are affected by combining the modalities.
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The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:
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¢ Associating advertising with the full text of the Article
e Charging fees for document delivery or access

e Article aggregation

o Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
20. Other Conditions:

v1l.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Licensed Content Title Gold Nanoparticle-Protein Agglomerates as Versatile Nanocarriers
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Licensed Content Author Rumi Khandelia, Amit Jaiswal, Siddhartha Sankar Ghosh, et al
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Licensed Content Volume 9

Licensed Content Issue 20

Licensed Content Pages 12

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 1

Original Wiley figure/table =~ Scheme 1

number(s)

Will you be translating? No

Title of your thesis / Multifunctionalization of Nanoscale Particles for Cancer Theranostics

dissertation
Expected completion date Jan 2019

Expected size (number of 1

pages)

Requestor Location IIT GUWAHATI
BRAHMAPUTRA HOSTEL
IIT GUWAHATI
KAMRUP
GUWAHATI, ASSAM 781039
India
Attn: IIT GUWAHATI

Publisher Tax ID EU826007151
Total 0.00 USD
Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
?nﬁ_%{ t%? Wanies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
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(collectively "WILEY™"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

¢ The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

¢ You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

e With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
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NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
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¢ These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

e WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

o This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
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Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Society of Chemistry ("Royal Society of Chemistry") provided by Copyright Clearance
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information listed at the bottom of this form.

License Number 4495450105316
License date Dec 24, 2018

Licensed content publisher  Royal Society of Chemistry

Licensed content title RSC advances

Licensed content date Jan 1, 2011

Type of Use Thesis/Dissertation
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Format Print, Electronic
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Number of 1
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Editor of portion(s) N/A
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With minor editing privileges no
For distribution to Worldwide
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BRAHMAPUTRA HOSTEL
IIT GUWAHATI
KAMRUP
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Attn: IIT GUWAHATI

Total (may include CCC user 0.00 USD
fee)

Terms and Conditions

TERMS AND CONDITIONS
The following terms are individual to this publisher:
None
Other Terms and Conditions:
STANDARD TERMS AND CONDITIONS
1. Description of Service; Defined Terms. This Republication License enables the User to
obtain licenses for republication of one or more copyrighted works as described in detail on
the relevant Order Confirmation (the “Work(s)”). Copyright Clearance Center, Inc. (“CCC”)
grants licenses through the Service on behalf of the rightsholder identified on the Order
Confirmation (the “Rightsholder”). “Republication”, as used herein, generally means the
inclusion of a Work, in whole or in part, in a new work or works, also as described on the
Order Confirmation. “User”, as used herein, means the person or entity making such
republication.
2. The terms set forth in the relevant Order Confirmation, and any terms set by the
Rightsholder with respect to a particular Work, govern the terms of use of Works in
connection with the Service. By using the Service, the person transacting for a republication
license on behalf of the User represents and warrants that he/she/it (a) has been duly
authorized by the User to accept, and hereby does accept, all such terms and conditions on
behalf of User, and (b) shall inform User of all such terms and conditions. In the event such
person is a “freelancer” or other third party independent of User and CCC, such party shall
be deemed jointly a “User” for purposes of these terms and conditions. In any event, User
shall be deemed to have accepted and agreed to all such terms and conditions if User
republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1 All Works and all rights therein, including copyright rights, remain the sole and
exclusive property of the Rightsholder. The license created by the exchange of an Order
Confirmation (and/or any invoice) and payment by User of the full amount set forth on that
document includes only those rights expressly set forth in the Order Confirmation and in
these terms and conditions, and conveys no other rights in the Work(s) to User. All rights not
expressly granted are hereby reserved.
3.2 General Payment Terms: You may pay by credit card or through an account with us
payable at the end of the month. If you and we agree that you may establish a standing
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance
Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable
upon their delivery to you (or upon our notice to you that they are available to you for
downloading). After 30 days, outstanding amounts will be subject to a service charge of 1-
1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise
specifically set forth in the Order Confirmation or in a separate written agreement signed by
CCC, invoices are due and payable on “net 30” terms. While User may exercise the rights
licensed immediately upon issuance of the Order Confirmation, the license is automatically
revoked and is null and void, as if it had never been issued, if complete payment for the
license is not received on a timely basis either from User directly or through a payment
agent, such as a credit card company.
3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is
“one-time” (including the editions and product family specified in the license), (i1) is non-
EXtddRR dddhdA0daAnsferable and (iii) is subject to any and all limitations and restrictions

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=7426428d-c614-4aa7-a8a5-2c6390186bef 2/4



12/24/2018 RightsLink Printable License

(such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the
licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at
the end of such period).
3.4 In the event that the material for which a republication license is sought includes third
party materials (such as photographs, illustrations, graphs, inserts and similar materials)
which are identified in such material as having been used by permission, User is responsible
for identifying, and seeking separate licenses (under this Service or otherwise) for, any of
such third party materials; without a separate license, such third party materials may not be
used.
3.5 Use of proper copyright notice for a Work is required as a condition of any license
granted under the Service. Unless otherwise provided in the Order Confirmation, a proper
copyright notice will read substantially as follows: “Republished with permission of
[Rightsholder’s name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice
must be provided in a reasonably legible font size and must be placed either immediately
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the
new work containing the republished Work are located. Failure to include the required notice
results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated
damages for each such failure equal to twice the use fee specified in the Order Confirmation,
in addition to the use fee itself and any other fees and charges specified.
3.6 User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is defamatory, violates the rights of
third parties (including such third parties' rights of copyright, privacy, publicity, or other
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
addition, User may not conjoin a Work with any other material that may result in damage to
the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any
infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.
4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and
their respective employees and directors, against all claims, liability, damages, costs and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the
scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE
RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR
INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR
LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS
INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK,
EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their
respective employees and directors) shall not exceed the total amount actually paid by User
for this license. User assumes full liability for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.
6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC
HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER
CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS,
GRAPHS PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE
&14AL0BPE4ED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=7426428d-c614-4aa7-a8a5-2c6390186bef 3/4



12/24/2018 RightsLink Printable License

BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of
a Work beyond the scope of the license set forth in the Order Confirmation and/or these
terms and conditions, shall be a material breach of the license created by the Order
Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon
notice thereof may be liquidated by payment of the Rightsholder's ordinary license price
therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any
reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a
payment of less than three times the Rightsholder's ordinary license price for the most
closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses
incurred in collecting such payment.

8. Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the
Service or to these terms and conditions, and CCC reserves the right to send notice to the
User by electronic mail or otherwise for the purposes of notifying User of such changes or
additions; provided that any such changes or additions shall not apply to permissions already
secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC’s
privacy policy, available online here:
http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User.
Therefore, User may not assign or transfer to any other person (whether a natural person or
an organization of any kind) the license created by the Order Confirmation and these terms
and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User’s rights in the new material which includes the Work(s) licensed
under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed
by the parties. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by the User or its principals, employees, agents or affiliates and purporting
to govern or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order
Confirmation and/or in these terms and conditions or CCC's standard operating procedures,
whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be
governed by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State
of New York, USA, or in any federal or state court whose geographical jurisdiction covers
the location of the Rightsholder set forth in the Order Confirmation. The parties expressly
submit to the personal jurisdiction and venue of each such federal or state court.If you have
any comments or questions about the Service or Copyright Clearance Center, please contact
us at 978-750-8400 or send an e-mail to info@copyright.com.

v 1.1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

TH-2122_126122042
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Dec 24, 2018

This Agreement between [IT GUWAHATI -- UDAY PAN ("You") and John Wiley and Sons
("John Wiley and Sons") consists of your license details and the terms and conditions
provided by John Wiley and Sons and Copyright Clearance Center.

License Number
License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages
Type of use

Requestor type

Format

Portion

Will you be translating?

Title of your thesis /
dissertation

Expected completion date

Expected size (number of
pages)

Requestor Location

Publisher Tax ID
Total

Terms and Conditions

4495430658218
Dec 24, 2018

John Wiley and Sons
Small

Gold Nanocluster Embedded Albumin Nanoparticles for Two-Photon
Imaging of Cancer Cells Accompanying Drug Delivery

Rumi Khandelia, Satyapriya Bhandari, Uday Narayan Pan, et al
May 4, 2015

11

33

7

Dissertation/Thesis

Author of this Wiley article

Print and electronic

Full article

No

Multifunctionalization of Nanoscale Particles for Cancer Theranostics

Jan 2019
1

IIT GUWAHATI
BRAHMAPUTRA HOSTEL
IIT GUWAHATI

KAMRUP

GUWAHATI, ASSAM 781039
India

Attn: IIT GUWAHATI

EU826007151
0.00 USD

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at

Hpz gy Tisht com).
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Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley,
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED

ARE
TH-2122_126122042
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BY YOU.

e WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

¢ You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

 IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

¢ Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

e The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

¢ This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

¢ These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

e In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

TH-2122_126122042
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e WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (i1) these terms and conditions and (ii1) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit'" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

TH-2122_126122042
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