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Synopsis

Nanotechnology has contributed tremendously to the advancement of science,
engineering and medicine, especially with the use of newer class of materials viz.,
nanomaterials. Research related to nanoscience has got a wide acceptance since early
nineties. It is the study of particles having size ranges from 1-100 nm. These
materials have wide use in various fields including biomedical applications. Disease
diagnosis is the prerequisite for the management of any disease. Using the
nanotechnological approaches, disease diagnosis and treatment has entered into a
new horizon. In this era of increased multiple ailments, timely and accurate disease
diagnosis is very important. Here is the importance of developing new approaches
for disease diagnosis and treatment; nanotechnology being one of the priority areas
among them. Multifunctional nanoparticles have been extensively researched upon
for biomedical sensing, imaging and therapy. However, tremendous opportunities are
yet to be explored for further utilization of these materials. Generally nanomaterials
with electrical, magnetic and optical properties are used depending up on the
intended applications. Luminescence is one of the important properties of
nanomaterials which are unique with respect to its size and shape. This warrants their
potential in biomedical applications. The thesis deals with mainly two classes of
optical nanoparticles, semiconducting or quantum dots and metallic nanoparticles,

for the design of nanosystems for sensing, imaging and therapy.

The thesis is mainly divided into six chapters viz., introduction, review of
literature, materials and methods, results, discussion and conclusion. The first
chapter consists of a general introduction on nanoparticles, its properties connected
to the specific nanoparticles used in this study, and also introduction on sensing,
imaging and therapy. Review of literature involves important research work related
to the thesis which was published in recent years with respective references
discussed in detail (Chapter 2), followed by materials and methods which explain
details of the materials used for the studies and methodologies adopted for

completion of the objectives (Chapter 3).
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Chapter 4 of the thesis deals with the results followed by discussions, with
both chapters subdivided into four major sections. In Chapter 4, the major
experimental findings are included, whereas the detailed discussion based on the
results are included in Chapter 5.

A Dbrief picture of the chapters on results and discussion is given below. In
detail, the first section includes the sensing of biomedically relevant analytes using
quantum dots based sensor. In the second section, sensing of dopamine using gold
nanocluser along with the use of fluorescence emission of the cluster for cellular
Imaging is explained. Third one is multimodal imaging and therapy for cancer using
gold nanorod systems. And the last one is development of a hybrid gold nanorod-

gold cluster system for imaging and therapy.

All the sections dealing with the design of nanosensors make use of the
optical property of either semiconductor quantum dots or atomic sized gold
nanocluster. Quantum dots are material in the size range of 2 t010 nm with peculiar
properties such as fluorescence, non photobleachability and inertness. In the first part
of section one a green emitting cysteine quantum dot (Qd) was synthesised and
modified with picric acid. This modification imparts dual emission to the system
with different excitations (Aex 390 nm and Aex 290 nm)- blue and green(Aem 515 nm
and Aem 446 nm). The new blue emission at 446 nm is assumed to be originated from
the charge transfer due to the complex formation between Qd and picric acid. The
complex, PAQd was characterised using different techniques. Absorption peak at
354 nm and a broad shoulder peak at 502 nm indicated the presence of Qd and picric
acid in PAQd. The participation of the hydroxyl group in the complex formation was
clear from the absence of the corresponding peak in the Fourier-transform infrared
spectroscopy (FTIR). Observed CO peak at 1623 cm™further supported the complex
formation. Nuclear magnetic spin resonance (NMR) spectroscopy also confirmed the
findings of FTIR. After required characterization, PAQd was used for the
simultaneous detection of copper and creatinine. Addition of creatinine showed a
concentration dependent increase in the blue emission where as in the case of copper
addition, the green emission quenches. The mechanisms behind sensing were studied
with the help of transmission electron microscopy (TEM) images and zeta potential

XXI



analysis. In the second part of the first section, two different red emitting quantum
dots (GQd and SMGQd) were synthesised by using glutathione as capping agent and
is further functionalised with sulfamethoxazole. GQd showed characteristic peak at
435 nm and an emission at 680 nm (Ae 420 nm). The change in fluorescence
intensity of GQd in the presence of lead ion was used for the detection of the same,
where a concentration dependent decrease in fluorescence intensity was noted. In the
case of sulfamethoxazole functionalised quantum dot SMGQd, emission at 586 nm
(Aex 420 nm) showed increase in intensity with zinc concentration. The mechanism
behind the sensing of both analytes was explained with the help of size and zeta
potential analysis. When zinc sensor showed a sensitivity of nanomolar to

millimolar, lead sensor has it in the femtomolar to millimolar level.

Another material used in this thesis is gold cluster. These are materials having size
below 2 nm. These clusters have optical properties similar to that of quantum dots.
The second section of the work deals with the synthesis of gold clusters with NIR
emission. Here, cysteine capped gold nanocluster was used for dopamine sensing and
in vitro imaging. Since this material has an NIR emission property and had
cytocompatible nature the system was successfully used for in vitro imaging in L929
and HeLa cells. Upon addition of dopamine to this cysteine gold cluster, the emission
at 606 nm (Lex 400 nm) increases. The sensor has sensitivity in the femtomolar level,
for dopamine sensing. Since dopamine is a neurotransmitter its detection in brain
cells is important. Hence the sensing is also extended to dopamine incubated brain
cells (C6 glial cells).

Next material used in the thesis was gold nanorods, which is anisotropic gold particle
having two surface plasmon resonance (SPR) bands due to its longitudinal and
transverse vibrations of surface electrons. The longitudinal SPR absorption occurs in
NIR region with minor shifts depending on the aspect ratio. Due to the NIR
absorption, the particle attains heat generation property when irradiated with laser of
suitable wavelengths. Likewise, in this study gold nanorods were used for
photothermal therapy in combination with other therapeutic strategy. In the first

study GNR, along with a clinically used cancer drug mitoxantrone was used to
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enhance the therapeutic efficiency by chemo-photothermal therapy. This material
was also designed to have targeted cancer imaging with the use of folic acid. In
cancer cells folate receptors are found in large numbers. The functionalisation of
drug mitoxantrone (MTX), with gold nanorod imparted an NIR emission for the
system (MTX@FPGNR). MTX@FPGNR was proved to be non-cytotoxic in L929
cells for concentrations of the order of 2 mg/ml. In vitro imaging was effectively
shown in L929, C6 and HeLa cells using MTX@FPGNR. MTX@FPGNR also
served as a good SERS agent due to the presence of gold nanorod facilitating
additional Raman imaging using the same system. Photothermal efficacy of the
MTX@FPGNR was evaluated on irradiation with 808 nm laser. Within 4 minutes, an
increase in temperature up to 48°C was achieved. In this case, laser irradiation also
triggered drug release with an increase in temperature. The combined treatment
efficacy was confirmed and depicted using fluorescence imaging and Raman
spectroscopy. The therapeutic efficacy was proven to be much better than that
compared to the drug alone. Thus, this is considered as a smart system with dual
imaging and dual therapy capabilities where photothermal and chemotherapy are
triggered with a laser stimulus. In the second part of the work a gold nanorod-
photosensitizer, protoporphyrin IX combination (F@PGNR)was used for
photothermal therapy and photodynamic therapy. Here also the cancer targeting was
achieved using folic acid.The final system showed an emission at 730 nm which was
used for in vivo imaging application. The phothothermal efficacy of F@QPGNR, with
808 nm irradiation provided a temperature hike of more than 60°C within 4 minutes.
67.5% singlet oxygen generation yield makes the system suitable for photodynamic
therapy. Therapeutic efficacy of the system was proved in vitro as well as in vivo (in

tumor induced animals) after irradiation with respective lasers (530 nm and 808 nm).

In the final section, a hybrid gold based system was used for cancer imaging and
therapy making use of the photothermal efficacy of gold nanorod and imaging
property of gold cluster. Folic acid conjugation facilitated cancer targeting.
Characteristic longitudinal and transverse absorption peaks of GNR, supported by
electron microscopic data confirmed the formation of gold rods. The emission

property of gold cluster was observed at 740 nm. The combined system showed both
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the properties of gold nanorod and gold cluster. The imaging efficacy of the system
was proved in vitro using fluorescence microscopy and the treatment efficacy was
monitored using live/dead and MTT assay. It is found that in both the applications,
the hybrid system was superior to its individual counter parts. The imaging of this

material using the construct was also demonstrated in vivo.

The final chapter of the thesis summarises the work of six different nanosystems
synthesized and optimised for applications like sensing, imaging and therapy, and
studied in this thesis. The thesis starts with the uses of a basic nano system viz.,
quantum dots for the sensing application and ends with an advanced hybrid
nanosystem, all useful for biomedical applications. The future prospects of the study
are to make the sensors available for clinical use. In case of therapy and imaging,
combining these multiple modality in a single platform for better efficacy and

performance will be much appreciated.

XXV



CHAPTER 1
INTRODUCTION

Nanoscience and nanotechnology have played a significant role in the present
era of scientific research through the development of novel nanoscale material for
various applications ranging from energy, environment, catalysis, health care etc.
Interdisciplinary areas of science have got wide acceptance after the well-known talk
“There's plenty of Room at the Bottom” by Physics Nobel Laureate Prof. Richard P.
Feynman in the annual meeting of American Physical Society at California Institute
of Technology, on December 29" 1959 (Feyman 1960). The talk mainly focuses on
the miniaturization of materials, which may resolve various scientific problems that
existed during that period of time. Nanoscience deals with the manipulation of
materials in the nanoscale size by designing them with desired property. A
nanometer is one-billionth (10) of a meter(Ghosh & Pal 2007). Nanotechnology is
defined as the manipulation of individual atoms or molecules in the nanometer
dimension (with at least one-dimension sized between 1 to 100 nanometers).
Nanomaterials may be zero-dimensional (spherical nanoparticle), one dimensional
(nanorod or nanotubes), two dimensional (film or stack of thin-film) or three

dimensional (flower, colil, etc.) in nature based on its dimension (Alagarasi 2011).
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Figure 1. Classification of nanomaterials (a) OD spheres and clusters, (b) 1D
nanofibers,wires, and rods, (c) 2D films, plates, and networks, (d) 3D nanomaterials
(Alagarasi 2011).

Nanoparticles are much larger than individual atoms and molecules but are
smaller than bulk materials, and their behavior is in between a macroscopic solid and
atomic or molecular systems. The electron energy levels in nanostructures are
discrete, consisting of the finite density of states. This is due to the confinement of
electron wave function to the physical dimensions of these nanostructures. The
energy states of the nanomaterials are determined by the boundary conditions, and
therefore surface effects becomes very important. High surface to volume ratio,
guantum size effect, and electrodynamic interactions are the major factors
responsible for the drastic property change of these materials in comparison with
their bulk counterparts.

1.1. Special properties of nanoparticles

The scientific community has made significant contributions to
nanotechnology based novel materials and devices by utilizing the diverse concepts
from engineering, physics, chemistry, materials science, biology, agriculture, and
medical sciences. As a result, the last decade has witnessed break throughs in
nanotechnology mediated biomedical fields such as sensing, imaging and therapy.
Unique optical, chemical, and magnetic properties of the nanomaterials compared to

their bulk material impart these applications.



1.1.1. Electronic properties

Electronic properties of nanomaterials changes with the system’s length
scale, and it reduces when there is an increasing influence of the quantum
mechanical effects and the lack of scattering centers. When the size of the
nanomaterials is in the range of de Broglie wavelength of the electrons, the energy
state becomes discrete, although a fully discrete energy spectrum is observed only
when these materials were confined in all the three dimensions. In certain cases, the
energy bands of conducting materials cease to overlap and become insulators below
a critical length scale. Quantum mechanical tunneling occurs between two closely
adjacent nanostructures due to their intrinsic wave-like nature. The tunneling current
increases if a voltage is applied between two nanostructures, which aligns the
discrete energy levels in the density of states (DOS). The presence of other charge
carriers influences the conduction and charge state of certain materials like quantum
dots. These Coulomb blockade effects result in conduction processes involving
single electrons, and as a result, they require only a small amount of energy to
operate a switch, transistor, or memory element. All these phenomena can be utilized
to produce radically different types of components for electronic, optoelectronic, and
information processing applications, such as resonant tunneling transistors and

single-electron transistors (Ray et al., 2006).

1.1.2. Magnetic properties

Magnetic nanoparticles are used for avariety of applications like imaging,
bioprocessing, refrigeration, as well as in high storage density magnetic memory
media.

The large surface area to volume ratio results in a substantial proportion of
atoms to have different magnetic coupling with neighboring atoms leading to
differing magnetic properties(Kumar & Mohammad 2011). Nano sized gold and
platinum are magnetic, whereas, in bulk, they are non-magnetic. Gold nanoparticles

become ferromagnetic when they are capped with the appropriate molecules such as



thiol. Giant magnetoresistance (GMR) is a phenomenon observed in nanoscale
multilayers consisting of a strong ferromagnet (Fe,Co,Ni) and a weaker magnetic or
non-magnetic buffer (Cr,Cu). It is usually employed in data storage and sensing.
Magnetic nanoparticles are used in biomedical applications such as for contrast
enhancement in magnetic resonance imaging (MRI), and targeted drug delivery
(Frandsen & Hansen 2010). MRI is an imaging technique used to form pictures of
the anatomy and the physiological process of the body with the aid of magnetic
contrast agents. In nanomaterial research, superparamagnetic iron oxide
nanoparticles are widely used for MR imaging. In combination with other materials,
magnetic nanomaterials are used for MR imaging, therapy and drug delivery (L. Li et
al., 2013; Sulek et al., 2011).

1.1.3. Optical properties

In the case of small nano clusters, the effect of reduced dimensionality on the
electronic structure has the most profound effect on the energies of valence band or
highest occupied molecular orbital (HOMO) and the conduction band or the lowest
unoccupied molecular orbital (LUMO). The optical emission and absorption occur
when the transition of the electrons takes place between these two states.
Semiconductors and many other metals show size dependent optical properties.
Colloidal suspensions of gold nanoparticles have a deep red color, which becomes
progressively blue/purple as the particle size increases (Kumbhakar, Ray & Stepanov
2014). The optical properties of nanomaterials are mainly due to surface plasmon
resonance (SPR) in the case of metallic nanomaterial and quantum confinement
effect for quantum dots.

Other optical properties which may be influenced by reduced dimensionality
include photocatalysis, photoconductivity, photoemission, electroluminescence etc.

1.1.3.1.  Optical properties of semiconducting nanoparticles

Semiconducting nanoparticles are usually group IH1-V, II-VI and silicon-
based systems with particle size between 2-10 nm (Smith & Nie 2010). Unlike the
bulk semiconducting materials, the nanoparticle with size less than 10 nm shows
discrete energy levels rather than continuous valence band and conduction band. The

4



energy gaps in larger semiconducting dots are less compared to smaller ones. This
change in the energy gap is responsible for the change in fluorescence property with
size. When a photon of sufficient energy (greater than or equal to the bandgap)
strikes a quantum dot, it can excite an electron from the valence band to the
conduction band, leaving a positive hole in its place. This generates an electron-hole
pair (also known as an exciton) which is a common phenomenon occurring in
semiconducting materials. However, in a quantum dot, the average exciton size (the
exciton Bohr radius) is smaller than the size of the quantum dot, producing

confinement of energy as the exciton is squeezed into the material.
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Figure 2: a) Continuous energy level of bulk semiconductor and discrete energy
levels of quantum dots (Murphy & Coffer 2002), b) Electron- hole pair formation
when photon absorbed having energy greater than or equal to the energy of Bohr
exciton radius (Murphy 2002).

1.1.3.2. Optical properties of metallic nanoparticles

Optical properties of metallic nanoparticles are unique and this will depend
on their size, shape, surface characteristics and morphology. The reason for this
exclusive property is a phenomenon known as localized surface plasmon resonance
(LSPR) and it is the collective oscillation of conduction band electrons that are in
resonance with the oscillating electric field of the incident light. The oscillation
frequency is determined by four factors: the density of electrons, the effective
electron mass, and the shape and size of the charge distribution (Jain et al., 2007;
Pinchuk, Kreibig & Hilger 2004).
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Figure 3: Origin of surface plasmon resonance due to coherent interaction of the
electrons in the conduction band with light (Eustis, El-sayed & Kasha 2006).

1.2. Importance of optical properties

The nanoparticles (metallic and semiconducting) (Astruc 2009; Ray et al.,
2006) have attracted strong interest as a novel platform for nanobiotechnology,
biomedical technology and biomedicine (Panyala & Havel 2009; Shim, Lim & Nam
2008) because of the efficient bioconjugation potential and remarkable optical
properties (Kreibig & Vollmer 1996). Applications of these nanomaterials include
genomics, biosensors (Kelly et al., 2003), immunoassays (Liu et al., 2008), clinical
chemistry (Baptista et al., 2008), detection and control of microorganisms (Gupta et
al., 2007; Luo & Stutzenberger 2008), cancer cell detection and treatment (Huang,
Jain & El-sayed 2008; Lal, Clare & Halas 2008), targeted delivery of drugs or other
therapeutic substances (Han, Ghosh & Rotello 2007), optical imaging and
monitoring of biological cells and tissues (Aaron et al., 2008), optical coherence
tomography (Gobin et al., 2007), two photon luminescence (Park et al., 2008), or
photoacoustic (Han, Ghosh & Rotello 2007) techniques.

Optical imaging uses visible light and the special properties of photons to
acquire details of organs and tissues as well as smaller structures, including cells and
even molecules. These images are used by scientists for research as well as disease
diagnosis and treatment.

Main advantages of optical imaging compared to conventional imaging

techniques are



e Optical imaging significantly reduces the exposure of harmful radiation by
using non-ionizing radiation such as visible, ultraviolet, and infrared light.
Optical imaging is safer for patients and significantly faster.This can also be
used to monitor the progression of the disease.

e Soft tissues can also be visualized using optical imaging techniques due to the
difference in absorption / scattering of light by the tissues.

e Because it can obtain images of structures across a wide range of sizes and
types, it can be combined with other imaging techniques, such as MRI or x-
rays, to provide enhanced information.

e Optical imaging techniques make use of different wavelengths of light for
visualizing and analyzing different properties of an organ or tissue
simultaneously, whereas other imaging techniques are limited to one or two
measurements at a time.

Light penetration of tissue is basic for optical imaging. Depending on the depth
and thickness of the tissue, the information obtained will vary. It is mainly because
the tissue is not transparent to the visible light of the electromagnetic spectrum. Most
of the optical applications favour the use of near-infrared (NIR) light because the
tissue is less absorbing in this region.

Fluorescence molecules absorb photons, and excited and return to its ground
level,emitting a longer wavelength light in a certain period of time.This emitted light
is acquired with high precision by filtering the emitted photons from the excitation
wavelength.The absorption of photons by tissue takes place in less than 1 cm depth.
Time resolved fluorescence imaging technique can be employed for imaging samples
with thickness up to 3 cm without background signals. Advanced techniques like
fluorescence lifetime imaging are useful to assess the local environment of
fluorophores such as refractive index, local pH, ion concentration, and oxygen
concentration. The fluorescence lifetime exploits differences in fluorescence
lifetimes of the order of nanoseconds to monitor target fluorescence.

Molecules with high fluorescence quantum yield, high molar absorption
coefficient, an adapted fluorescence lifetime, and a large Stokes shift are efficient

fluorophores. The Stokes shift is thedifference in energy between absorption band



maxima and emission band maxima. Signal collection efficacy of a fluorophore is
determined by this Stokes shift, which in turn control the possibility of spectral
cross-talk in more than one fluorophore. Forster resonance energy transfer (FRET)
and spectral multiplexing are examples for spectral cross talk. FRET has been
employed in different systems for measuring enzymatic activities or physico-
chemical variations. After labeled with a FRET-pair of fluorophores, this technique
could be useful in monitoringthe degradation of a macromolecule, including
nanoparticles. Non toxicity, ability to attach to the molecule of interest, solubility,
and stability in biological fluids are additional advantages for using these
fluorophores in the biological environment.

Similar to optical imaging, optical sensing is another important application of
nanoparticles with optical properties. A nanosensor consists of a biosensitive layer
that either contains a biological recognition molecule or has the property to attach a
biological recognition molecule to it. Among various nanobiosensing techniques,
optical sensing is one of the most accepted methods. This is because, even very small
changes in the signal is detectable, due to the advancement in the technology of the
optical detectors. Optical sensingis passive to electrochemical interferences, in the
wide dynamic range, and the multiplexed detection is also possible with this
technique. In this method, the change in the property of light is measured in any one
or more forms of intensity, phase, polarization, wavelength, and spectral distribution
by measuring absorbance, fluorescence, refractivity etc.

In this thesis, biomedical applications of nanoparticles are studied by considering
their optical properties. Thus, the prominent ones among the optical nanoparticles
viz. semiconducting and metallic nanoparticles are chosen for the entire study for
sensing, imaging, and therapeutic applications.



1.3. Sensing

In disease diagnosis and the treatment that followed, the detection of specific
molecules from the body is very important. The devices which help to monitor the
desired analyte or molecule are called sensors. Sensors respond to the presence of
analyte molecule, which can be measured electrochemically, optically, acoustically,
mechanically, calorimetrically or electronically, and then correlate with the analyte
concentration. The method of transduction depends on the type of physico-chemical
change resulting from the sensing mechanism. In 1962, the first report on glucose
oxidase (GOD) biosensor by Clark and Lyons (Lyons C Leland 1962). Since then,
biosensors have been intensively studied and utilized in various applications.
Nanomaterials due to its high surface to volume ratio are widely used in the field of
sensing.

1.4. Cancer

Cancer is a condition when uncontrollable cell division occurs or when the
mechanism of usual cell death of the body does not occur to a particular type of cell
at a particular region. Cancers are mainly of two types, benign and malignant.
Benign tumors are not considered as cancer as they are a bunch of cells grown
locally without spreading to other tissue and organs. But in the case of malignant
cancers, cancer will spread to neighboring tissues and spread through blood vessels.

Benign (not cancer) Malignant (cancer)
tumor celis grow cells invade

only locally and cannot nelghboring tissues,

spread by invasion or enter blood vessels,

metastasis and metastasize to
different sites

Figure 4: Pictorial representation of different stages of cancer. Reproduced from the
official site of Edward Comprehensive Cancer Centre.



According to the World Health Organization (WHO) report of 2018, cancer
burden has risen to 18.1 million new cases and 9.6 million deaths. It indicates that
despite the vigorous research taken place in these fields; still, the mortality incidence
ratesare high.Many attempts are going on to control and cure cancer employing
techniques like chemotherapy, photodynamic therapy (PDT) and photothermal
therapy(PTT). The unique properties of nanomaterials recommendto use them as
drug carriers, PDT agents, imaging agents, etc. and has attracted wide use in cancer

diagnosis and therapy (figure 5)
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Figure 5: Representation of the use of nanoparticles in cancer research (Parvanian,
Mojtaba & Aghashiri 2017).

1.4.1.Chemotherapy

In chemotherapy, a drug or combination of drugs is given to the body to prevent
tumor growth. The action of drugs is either to enter into the cell division pathway to
induce apoptosis (programmed cell death) or to block the blood supply around the
tumor region so that it will starve. As a result, the destruction of the tumor will
occur. The main drawback of chemotherapy is that the chemotherapeutic agents are
nonspecific; it may cause damage to normal cells. Another limitation of
chemotherapy is the mode of action of chemotherapeutic drugs may cause adverse
effects to cancer treatment by making the cells survive in starvation conditions and
that may cause changes of metastatic condition to cancer or by making it multidrug
resistance. Various chemotherapeutic drugs (doxorubicin, epirubicin, paclitaxel,
docetaxel, 5-fluorouracil, cyclophosphamide, carboplatin, mitoxantrone, etc.) are
used to treat cancer.
10



1.4.1.1. Mitoxantrone

Mitoxantrone is one among the long list of cancer drugs used clinically. In an effort
to find an analogue to the existing cancer drug, doxorubicin to avoid cardiac toxicity,
a new drug 1,4-dihydroxy-5,8-bis[2-(2-hydroxyethylamino)ethylamino]anthracene-
9,10-dione commonly known as mitoxantrone was discovered in 1980 (Fox 2004).
Mitoxantrone, a drug from the class of anthracenedione is the only drug approved for
clinical use. It is generally used for breast cancer, acute leukemia, lymphoma and

prostate cancer etc.

The ability to bind to DNA and to inhibit both DNA replication and DNA-dependent
RNA synthesis is involved in the antitumor activity of mitoxantrone. It is also a
potent inhibitor of topoisomerase 11, which is an important enzyme for the repair of
damaged DNA. It acts via causing single and double-stranded breaks. Structurally
mitoxantrone contain symmetrical a tricyclic planar chromophore substituted with

two nitrogen-containing side chains (Figure 6) (Enache, Toader & lancu 2016).
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Figure 6: Structure of mitoxantrone.

This drug has emission in the near-infrared (NIR) region. So, in combination with
other therapeutic nanomaterials, this drug can be used as both imaging and

therapeutic agent.
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1.4.2. Photothermal therapy (PTT)

PTT is a minimally invasive local treatment in which materials with optical
absorption on interacting with electromagnetic radiation such as radiofrequency,
microwaves, NIR, or visible light gets stimulated and produces heat energy. The
heating in the biological environment causes hyperthermia, resulting in adverse
cellular events such as protein aggregation and denaturation, evaporation of cytosol,
and cell lysis. For living cells, it is determined that PTT induces programmed cell
death by activating the intrinsic pathway rather than necrotic cell death (Lapotko
2009; Roti 2008). Necrotic cell death stimulates inflammatory responses, which may
usually compromise the antitumor activity (Perez-Hernandez et al., 2015)(Rock &
Kono 2008). Therefore, PTT is considered to be a reliable and powerful treatment

modality for cancer.

Figure7: Schematic representation of photothermal therapy in tumor bearing mice
(Eskiizmir & Yapic1 2018).

Nanomaterials having efficacy to generate heat upon absorption of suitable
wavelength of light (NIR region) are widely used as photothermal agents. PTT is
generally used in conjunction with imaging modalities for diagnosis and with other
treatment modalities to enhance therapeutic efficiency. Carbon nanotubes, Gold
nanorods, graphene, etc.are proven to have very good photothermal properties due to
their efficacy to convert absorbed photons into heat via electron electron interaction

or electron phonon interaction.
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1.4.3. Photodynamic therapy (PDT)

PDT is a FDA approved therapy for cancer treatment, which requires a
photosensitizer, suitable light source and oxygen. Upon irradiation of photosensitizer
(PS) molecule in the presence of oxygen,PS undergoes excitation to higher state
followed by the relaxation. PS relaxation occurs through two pathways, emission of
fluorescence and intersystem crossing that leads to the production of singlet oxygen
(*O,) and other reactive oxygen species, which may destroy cancer cells by
indiscriminate oxidation. In both ways, depending on quantum yield,these
photosensitizer molecules can be used both as cancer imaging and treatment
modality. The class of molecules of porphyrins is commonly used as photosensitizer.

Protoporphyrin IX is one among them and has been approved by FDA.
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Figure 8: a) Structure of protoporphyrin IX b) Schematic representation of singlet
oxygen production when a suitable wavelength of light falls on it.

The scope of using nanomaterials along with PS for cancer treatment, is well
explored as it has several advantages over the use of PSalone. These include targeted
delivery of PS, so that dark toxicity is avoided, use of multiple functions for imaging
in addition to PDT, usage of the reduced amount of PS due to targeting ability etc.

The working mechanism of such nanocarriers is demonstrated in figure 9.
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Figure 9: Use of photosensitizer along with nanocarrier to treat cancer (Hong, Choi
& Suk 2016).

1.5. Quantum dots for sensing applications

A sensor is a device that will respond or react to physical, chemical, or
biological changes that happens in the presence of analytes. The response will be
recorded in different forms of signals. Various fields such as police department,
defense, health care etc. use the technique of sensing of different analytes for
applications related to criminal investigations, security and disease diagnosis. In the
healthcare industry, a particular disease or disease condition or health status can be
detected through the sensing of different analytes present in the biological fluids.
Different materials ranging in size from bulk to nano are used for sensing
applications. Nanomaterials based sensors have got wide acceptance due to the fact
that these materials have the unique property of high surface to volume ratio, which
increases the sites for surface specificity and hence sensitivity, which is the most

important parameter required for any sensor.

Quantum dots are one among the nanoparticles having a narrow emission
profile and having size dependent fluorescence property, and they are resistant to
chemical and biological degradation. They are non-photo bleachable in comparison
with conventional dye molecules. So quantum dots are one of the important
candidates for biosensing applications (Matea & Mocan 2017; Pereiro & Sanz-medel
2006).
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1.6. Fluorescent gold based systems for sensing and imaging

Gold nanoparticles are candidates in the nano regime with well demonstrated
optical properties. However, spherical gold nanoparticles do not possess fluorescence
property. But due to LSPR and comparatively lesser cytotoxicity, they get wide
acceptance in the sensing of biomolecules in health care industry. Lack of
fluorescence property limits the use of bare gold nanoparticles in fluorescence
Imaging. Therefore,to overcome this limitation, a new class of material known as
gold clusters comprising few atoms of gold was developed. Gold nanoclusters are
particles havingsize less than 2 nm; they are smaller than nanoparticle but larger than
an atom. They are having peculiarities such as photoluminescence, non-
photobleachability, photon anti-bunching, longer fluorescence lifetime when
compared to the conventional organic fluorophores and versatility in applications.
Electronic states of gold nanoclusters are quantum confined, i.e., it possesses a
discrete valence bands and conduction bands susceptible to electron transfer between
them, unlike in the case of bulk gold or bigger nanoparticles. This phenomenon of
quantum confinement effect makes gold nanoclusters fluorescing.The fluorescence
property of gold nanocluster changes from visible to NIR region depending on the
number of metal atoms and the ligands and the local environment. It is also reported
that by changing the ligand, the fluorescence property of the nanocluster can be
tuned (Chen et al., 2015, 2014; Li, Schluesener & Xu 2010; Luo et al., 2017; Peng et
al., 2018). Various ligands such as glutathione, large polymers, and peptide

molecules are used for the synthesis of gold nanoclusters.
1.7. Gold nanorod for cancer imaging and therapy

Gold (Au) based nanomaterials are considered to be safer in the biomedical
application when compared with semiconducting materials. The shape of the gold
nanoparticles plays an important rolein deciding its property. In comparison with
spherical nanopartilces, nonspherical ones exhibit anisotropic optical and electronic
responses that are determined by their topological aspects. Among various gold
nanomaterials with nonspherical shapes, much attention has been paid to gold

nanorods. Because of their essential applications in optical devices, biochemical
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sensors, and nanomedicine, the growth and characterization of gold nanorods have
encountered an wupsurge in research activities since their first discovery
in1991(Gole& Murphy 2004; Huang, Neretina & EI-Sayed 2009). The most
important property of gold nanorod is its LSPR. Collective confinement of
oscillations of the free electrons in the nanoscale is responsible for
LSPR(Nikoobakht & El-sayed 2003; Zijlstra & MoNOS 2011). LSPR of gold
nanocrystals can be tuned by changing the reaction conditions of synthesis and
thereby changing the aspect ratio. The gold nanorod has two modes of absorption,
longitudinal mode and transverse mode. The longitudinal plasmon oscillations is
responsible for the NIR absorption, which subsequently lead to heat generation when
NIR laser is irradiated. This heat generation efficacy of gold nanorod makes it
suitable for cancer treatment using the technique of PTT (destroying cancer cells due
to heat generation) (Hartland 2011; Jain et al., 2008; Link & El-sayed 2010; Mackey
et al., 2014; Stockman 2011). Gold nanorod can also be used as a treatment modality
in combination with chemotherapy and photodynamic therapy (Bucharskayaet al.,
2016; Choi, Park & Yeon 2018; Hauck et al., 2008; Jang et al., 2011a; Kuo et al.,
2010; Li et al., 2014; Popp et al., 2014; Yang et al., 2018; Zhang et al., 2016).
Chemotherapy is the treatment of cancer using conventional drugs. But it has
limitations such as nonspecificity, due to which damage to the normal cells is very
common. Also, these drugs cause severe side effects and the demand for high dose
due to nonspecificity. These side effects could be controlled to a great extent using
targeted delivery of drugs using nanocarriers and by enhancing their therapeutic
efficiency using additional treatment modalities like PDT and PTT. PDT is an
approved and well established treatment modality where free radicals are created for
the destruction of cancer cells. Here, PS molecules, when irradiated with a suitable
laser, generate singlet oxygen that leads to stress in cancer cells leading to cell death.
These two techniques, together with PTT, are used for enhancing the efficiency of

cancer treatment.
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1.8. Hybrid system for imaging and therapy

Hybrid nanomaterials are two or more nanoparticles suitably combined to get
properties of both the parental nanoparticles. When nanoparticles with different
properties are combined without compromising its individual properties, it is
important to control the reaction so that it can act as a single system without losing
its original identity (Taylor-pashow et al., 2010; Tian et al., 2018). For example,
when a particle having a magnetic property is combined with material with optical
property, the final system will possess both magnetic and optical properties. Usually,
two different classes of materials are used for making hybrid systems. Reports on
hybrid systems of the similar or same material are rare. Hybrid material involving
two gold based systems like gold nanoclusters and gold nanorod will have imaging
and therapeutic property but has not been reported. Hybrid materials with different
combinations of nanomaterials are useful for cancer therapy by increasing the

desired properties with the appropriate combinations (figure10)

Hybrid Na-r‘\oparticles = Combination Cancer Therapy
' -‘;“ l 5 o Chemo + Chemo
‘ ’trt \: Chemo + PDT
" nmor Chemo + PTT

Chemo + Biologics

Chemo + Radiotherapy

AuNP

Figure 10: Hybrid nanomaterials with different types of nanoparticles (NCP-
nanoscale coordination polymers, NMOF-nanoscale metal-organic frame works,
PSQ- polysilsesquioxane, mesoporous silica, AuNP-gold nanoparticle, IONP-iron
oxide nanoparticles) used for combinational cancer therapy (He, Lu & Lin 2015).

1.9. Hypothesis

Considering the broad spectrum of application possibilities of nonomaterials,
it is hypothesized that nanosystems could be designed to suit the needs of
imaging,diagnosis and therapies. Among the various systems, systems with optical
property have much importance in sensing, imaging, and therapy. So, the broad idea

for the thesis is to develop highly fluorescent nanosystems for biomedical sensing,
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imaging, and therapy. By considering the optical efficiency and the toxicity of
semiconducting nanoparticles with respect to metallic nanomaterial, it is
hypothesized that semiconducting nanoparticle or quantum dots will be more suitable
for sensing applications and metal based nanomaterial for sensing, imaging, and

therapy. Accordingly, the objectives of the thesis are formulated as follows.

1.10. Objectives

The major objectives of the study are

. To develop fluorescent nanoparticle for biomedical sensing.

. To develop metallic nanoparticles for sensing and imaging.

. To develop multifunctional fluorescent nanopartcles for imaging and therapy
. To develop hybrid fluorescent nanoparticles for imaging and therapy
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Chapter 2

Literature Review

Nanomaterials, with size ranging from 1-100 nm, have gained considerable
attention due to their wide range of applications, for the last few decades. But the
investigation of the unique properties of these nanomaterials has reached only to the
tip of an iceberg, so far. Here are some of the research findings, which paved the
path for this thesis work. Different nanomaterials have emerged within thirty years,
with advancements in the field of nanotechnology. Quantum dots are one among the
nanomaterials (semiconductor nanoparticle) with peculiar size dependant fluorescent
properties. Gold based nanomaterials are another important class of nanomaterials
that possess unique optical properties. Particularly, gold nanoclusters, composed of a
few atoms, exhibit quantum confinement with exceptional fluorescent properties.
These are applied for various biomedical applications, especially sensing. Gold
nanorods like anisotropic gold nanomaterial with photothermal properties, are widely
used for therapeutic applications.

2.1. Quantum dots for sensing

Semiconducting nanoparticles or quantum dots are a special class of
inorganic nanocrystals composed of atoms of group 1I-VI, 1lI-V, IV-VI elements
(Murphy, 2002). The optical properties of semiconducting nanomaterials are
generated when the electron-hole pair becomes confined (Hegazy & El-hameed
2014) in the quantum dimension. This confinement leads to an increase in the band
gap with a decrease in particle size. High surface to volume ratio makes electron-
hole pairs to be spatially confined (Moradian et al., 2011). These features led to the
synthesis of various types of size and shape-controlled quantum dots. Cadmium
selenide (CdSe) is one of the most studied quantum dots. Different synthesis
strategies like wet chemical method, solvothermal /hydrothermal processes, etc. are
available for quantum dots; among them, wet chemical method is the popular one for
biomedical applications.
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2.1.1. Cadmium selenide quantum dots for the simultaneous detection of copper

and creatinine.

The elevated creatinine level in serum is a sign of impaired renal function,
chronic nephritis or urinary tract obstruction, and skeletal muscle diseases.
Imbalance in creatinine (Creat) level leads to diseases like chronic kidney disease or
serious Kkidney damage, heart failure, dehydration, liver disease (cirrhosis),
hyperthyroidism etc (Jose et al., 2006; JP et al., 1993; Kreisman & Hennessey 1999).
Similarly, copper (Cu) is an essential trace element in specific enzymes for proper
growth, development, and functioning of organs with a normal range of 0.0016 -
0.0024 uM in blood serum. Cu plays an important role in maintaining and repairing
connective tissues. It is an important metal for the health of the heart and arteries
(Dinicolantonio, Mangan & Keefe 2018). Cu deficiency plays a role in coronary
heart disease (Klevay 1984). Other conditions associated with Cu scarcity include
nutritional deficiency, inability to absorb copper, Wilson's disease, and rheumatoid
arthritis (Uauy, Olivares & Gonzalez 1998). Time-bound and early-stage detection of
these two analytes will give a better understanding in maintaining the homeostasis of
the body. Though several reports are available for individual detection of Cu and
creat (Du et al., 2015; Fu et al., 2018; He, Zhang & Yu 2015; Mehta, Kumar &
Kailasa 2013a; Pundir, Yadav & Kumar 2013; Rahman, Ahmed & Asiri 2016;
Sittiwong & Unob 2015; Song et al., 2010a, 2010b; Xu et al., 2012), few studies are

available for their simultaneous detection.

There is an increasing demand for the detection of clinically significant
metabolites from body fluids with high selectivity and sensitivity, which is an
indicator of health status. Currently, available techniques lack the ability of
determining more than one analyte using a single technique from a single draw of
blood. Accordingly, the concept of multianalyte sensing has recently been identified
as important, where the information about multiple analytes could be derived from a
single draw of blood in a very short time. This concept finds importance in cases of
diseases having more than one marker for confirmation or more than one disease

condition at the same time. In this context, multi analyte nanosensors (MANS) are
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the new promising candidates. However, a few attempts have been made to explore
this concept (Komatsu et al., 2005; Ruedas-rama & Hall 2010; Sugunan et al., 2005;
Wu et al., 2010, 2012). A report on multianalyte sensor deals with quantum dot-
DNAzyme (modified DNA sequence) based nanomaterialfor multiplexed detection
of heavy metals Cu and lead (Pb) ions using fluorescence property (Wu et al., 2010).
In another study, silica nanoparticles were used for the detection of Hg**, H,SO*
and S% in live cells by measuring the change in fluorescence property, which has also
been used as an intracellular imaging modality (Wu et al., 2012). Komatsu et al.,
developed a single fluorescent probe based on coumarin for the detection of multi
analytes Ca** and Mg?" ions, and the same material were used for fluorescence
imaging application (Komatsu et al., 2005). Maria J. Ruedas-Rama and co-workers
reported the change in the fluorescence property of an enzyme-linked nanosphere
sensor for the detection of urea and creatinine (Ruedas-rama & Hall 2010). In
another study, Sugunanet al., worked on chitosan capped gold nanoparticles for the
detection of zinc and copper ion by using the chelating property of chitosan along
with the optical properties of gold nanoparticle. The change in the absorption spectra,
on treating with metal ions, gives a good indication of heavy metal ions
concentration in it (Sugunan et al.,, 2005). Among the various nanomaterials,
guantum dots have attracted wide acceptance in designing of optical nanosensors for
biological and non-biological samples due to their inherent size dependent
fluorescence property. The last decade has witnessed revolutionary development of
nanoparticle for different biomedical applications (C. V Durgadas et al., 2011; Nair
et al., 2014, 2015, 2017; Nair & Jayasree 2016; Nair, Santhakumar & Jayasree 2018;
Santhakumar et al., 2018; Saraswathy et al., 2014a, 2014b); especially quantum dot
based nanosensors with high selectivity and sensitivity compared to conventional

Sensors.

2.1.2.Cadmium selenide quantum dots for the detection of lead and zinc

Lead is one of the heavy metals which is restricted by the European Union
due to its toxicity. This metal is non-biodegradable and accumulates in the
ecosystem, causing harm to human health (Vries, Romkens & Schiitze 2007). The

pollution due to lead is the persisting issue and gives long-lasting effects in the
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environment due to the circulating effect of the ions (Park, Lee & Jung 2013). Low
level of lead exposure can cause neurological, reproductive, cardiovascular,
developmental disorders, and severe problems in children, including slowed motor
responses, decreased 1Qs, and hypertension (Vries, Romkens & Schiitze 2007).
Consequently the detection of lead in blood as well as the water is very important.
There are various reports available for the lead detection using nanomaterials.
In one of the studies, citrate coated gold nanoparticles were used to detect lead (1)
ion. An increase in concentration of lead causeda change in the absorption of
colloidal gold. The higher amount of lead (II) ion induces aggregation, thereby
changing the color of the solution (Berlina & Sharma 2014). Another study has been
reported on BSA-capped gold nanoparticles for the detection of lead ion. In the
presence of lead ion leaching of gold nanoparticle (Au-NPs) occurred, the reaction
happens only in the presence of thiosulfate (S,03;) and 2-mercaptoethanol (2-ME) in
it. The presence of lead ion accelerated the dissolution of the 2-ME/S,05°~Au
NPs@BSA into solution, leading to a dramatic decrease in the absorption (Lee et al.,
2012). In one of the studies, glutathione capped gold nanoparticles were used for the
detection of lead (Il) ion. In this case, the presence of lead (Il) ion increases the
aggregation of gold nanoparticles, which leads to a change in the absorption of the
nanoparticles (Zhong, Liu & Liu 2015). A sensitive and label-free DNAzyme-based
unmodified gold nanoparticles sensor for Pb?* were reported. The detection was
based on the fact that unfolded single-stranded (ss) DNA could be adsorbed on the
citrate protected gold nanoparticles while double-stranded (ds) DNA could not. It
leads to aggregation of nanoparticles which was recorded using colorimetric
techniques. Similarly,they also reported the detection of lead using gold nanoparticle
with modified DNAzyme using dynamic light scattering techniques (Wei et al.,
2008). Colloidal gold nanoparticles also used for the detection of lead ions using the
change in absorption (Miao & Shuai 2011). Ali et al., reported the detection of lead
(11) ion using glutathione capped cadmium tellurium (CdTe) and ZnCdSe quantum
dots. It was found out that upon addition of lead (II) ion, a fluorescence quenching
was observed due to carboxylate-GSH-lead (Il) coordination (Ali et al., 2007).
Another study put forward the detection of the lead ion using aptamer coated
graphene oxide mixed cadmium selenide (CdSe)/zinc sulphide (ZnS)(CdSe/ZnS). On
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conjugation with lead, an energy transfer mechanism enables fluorescence quenching
(M. Lietal., 2013).

Zinc is one of the essential trace element in the human body. 2g of zinc
content has been estimated for the total body (Maret & Sandstead 2006). Zinc has
mainly three functions in the human body viz., catalysis, adjustment, and structure
(Gmoshinskii et al,. 2018). A high amount of zinc in the body will cause metal fume
fever, reduce serum high-density lipoprotein-cholesterol levels, and leads to iron and
copper deficiency. Accordingly, it is essential to detect the level of zinc ion in human
blood. There are various reports available for zinc detection using the nanoparticle
approach. In a report, the derivative of azamacrocycle (TACN (1,4,7-
triazacyclononane), cyclen (1,4,7,10-tetraazacyclododecane), and cyclam (1,4,8,11-
tetraazacyclotetradecane) of CdSe/ZnS core/shell quantum dots were used for the
fluorescent detection of zinc ions. The presence of azamacrocycles disturbs the
process of radiative recombination in quantum dots. When Zn (1) ions introduced, it
takes the crown positionin  azamacrocycle, leading to fluorescence
enhancement(Ruedas-rama & Hall 2008). Xu et al., reported fluorescent CdTe
quantum dot for the detection of zinc and cadmium ions. In this study, the
fluorescence of quantum dots were quenched in the presence of sulfur anion, and it
retains the fluorescence in the presence of zinc or cadmium ion. This retaining
fluorescence intensity was quantitatively correlated with the concentration of ions
(Xuetal., 2011).

In another study, label-free silver nanoparticle was used for the detection of
zinc ions. In thepresence of zinc ions, label-free silver nanoparticles undergo
aggregation, leading to a change in color from yellow to forest green (Uni, Liu & Lu
2003). Rastogi et al., reported the synthesis of 8-aminoquinoline (N-(quinolin-8-yl)-
2-(3 (triethoxysilyl)propylamino)acetamide (QTEPA) grafted on silica nanoparticles
(SiNPs) for divalent zinc ion detection. They demonstrated the detection of zinc ion
in HCI buffer with pH 7.22, in yeastcell (Saccharomyces cerevisiae) suspension, and
in tap water (Rastogi et al., 2011). A fluorescent sensor was developed for the
detection and removal ofzinc using Fe;0,@SiO, core-shell nanoparticles
functionalized with 8-chloroacetylaminoquinoline (Xu et al., 2013). The detection of

divalent zinc ions reported using fluorescent properties of upconversion lanthanide
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nanoparticles(Peng et al., 2015). A quinoline derivative functionalized with carbon
dots used for the detection of zinc ions. The sensor used for the intracellular

detection of zinc within 1 minute ( Zhaomin et al., 2014).
2.2.Gold based fluorescent nanoparticle for sensing and imaging-
cysteine gold cluster for the detection of dopamine and cellular

imaging

Gold nanoclusters are atomic-sized particles with a size less than 2 nm, which
is too small to exhibit surface plasmon resonance(Qu et al. 2015). These clusters
possess high fluorescence due to their extremely small size. The ligand present on its
surface influences the fluorescence of gold nanoclusters due to the charge transfer
from the ligand or direct electron donation from ligand to the metal core (Wu & Jin
2010). Fluorescence properties of gold nano clusters were used for sensing
applications. Yu et al., developed a chitosan oligosaccharide lactate(Chi)
functionalized gold cluster to form Au NCs (Au NCs@Chi) for the detection of
hydrogen sulfide. It had high fluorescence quantum yield, and FRET based sensing
was used for the detection of H,S. Using wavelength-ratiometric and time-resolved
luminescence imaging (TLI) techniques its were able to detect exogenous and
endogenous H,S in vitro and in vivo (Wu & Jin 2010). A gold cluster based system
was developed for the detection of biomolecules like urea from whole blood and
milk (Nair, Philips & Jayasree 2013). Dopamine is a molecule from the family of
catecholamine and phenethylamine. It plays an important role in the brain as a
neurotransmitter. It acts as a paracrine messenger outside the brain and a vasodilator
in blood vessels. Also, in the kidney,it helps in sodium excretion and urine output. In
the pancreas, dopamine reduces insulin production. Similarly, in every part of the
body, dopamine plays a specific function. Therefore, the imbalance levelof dopamine
concentration in the blood streams is a sign of some disorders in the body, such as
Alzheimer's, Parkinson's, schizophrenia, addiction, bipolar disorders, binge eating,
and gambling. Soit is essential to develop the strategies for dopamine detection.
Various reports are available for dopamine detection using different approaches

employing nanoparticles. In one of the studies, dopamine was detected by measuring
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the fluorescence of polydopamine nanoparticles, which was produced in the presence
of an acid and base (Yildirim & Bayindir 2014). Zhang et al., studied the detection
of dopamine using fluorescent silicone nanoparticle. The addition of dopamine to the
silicon nanoparticle,its fluorescence, quenches as the concentration of dopamine
increases(Zhang et al., 2015). In another study, carbon dots were used for the
detection of dopamine using fluorescence enhancements with an increase in
concentration (Baruah et al., 2014). Rostami et al., developed a colorimetric sensor
with task-specific ionic liquid (TSIL) functionalized silver nanoparticle for
dopamine. In the presence of dopamine, the hexagonal TSIL silver nanoparticles
converted to spherical-shaped nanoparticles. A color change from green to red was
observed in addition to dopamine due to this change in morphology of TSIL-Ag NPs
(Rostami et al., 2018). Suet al., developed a dopamine sensor using gold
nanoparticle, where the amino and hydroxyl group of dopamine is adsorbed on the
surface of gold nanoparticles. These gold nanoparticles undergo aggregation on
interaction withCu®* ions. Here Cu?* acts as a discriminator linker for dopamine
detection by inducing aggregation of gold nanoparticles (Su et al., 2012). Zheng et
al., introduced a dopamine sensor using unmodified gold nanoparticle synthesized
with 58-mer dopamine-binding aptamer (DBA). Here, DBA acts as a recognition
element and gold nanoparticles (AuNPs) acts as probe. Upon addition of dopamine
the structure of aptamer changed from random coil to a rigid tertiary structure like a
pocket and this change has been evaluated by circular dichroism spectroscopic
experiments. It also facilitates aggregation of gold nanoparticle which induces color
change from red to blue. Concentration of dopamine detected using both circular
dichroism and absorbance (Zheng, Wang & Yang 2011) of AuNPs. Govindarajuet
al.,reported BSA capped gold cluster for dopamine detection from cerebrospinal
fluid (Govindarajuet al., 2017).

The properties of gold nanoclusters depend on the number of gold atoms and
nature of the ligands. Using different surface ligands, one can tune the properties of
gold nano cluster. In turn, the applications of gold clusters in sensing and other

biological fields were reported (Govindaraju et al., 2017).
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2.3. Fluorescent multifunctional gold based system for imaging and

therapy

The shape of the nanocrystal is an important parameter which decides the
physical and chemical properties of the material. Gold nanoparticle having shapes
other than spherical exhibit anisotropic optical and electronic responses,which are
determined by the morphological aspects (Klar et al., 2010).

2.3.1. Gold nanorod-MTX (Mitoxantrone) nanomaterial for in vitro cancer
imaging and therapy

Gold nanorod with NIR absorption is a good photothermal agent. In cancer
treatment, they are acting as a source for temperature generation upon laser
irradiation. Chemotherapy is the treatment of cancer using the traditional drug.
Mitoxantrone is a conventional cancer drug used for the treatment of leukemia and
other types of cancers. This drug destroying cancer cells as well as normal defense
cells. So the nonspecificity is the major drawback of this drug.

There are various studies reported for the combined therapy of gold nanorod
with cancer drugs, and some of the recent reports are pointing here. Gold nanorod-
doxorubicin used for combined therapy with the help of polymersomes, which is
stimulus-responsive. The imaging and treatment efficacies were evaluated in vitro
and in vivo (Liao et al., 2015). In one of the studies,a biodegradable micelles were
prepared by coating gold nanorods (GNRs) with synthesized stimuli-responsive
thiol-end capped ABC triblock copolymer [poly(acrylic acid) -b-poly(N-
isopropylacrylamide)-b-poly(ecaprolactone)-SH; PAA-bPNIPAAM-b-PCL-SH].
Anti-cancer drug doxorubicin (DOX) was conjugated onto it by electrostatic force,
and the drug releases its pH-thermal responsive release of drug and treatment were
studied (Abbasian et al., 2017). In another report, GNR was decorated with
camptothecin, a cancer drug through chemical bonding. Upon acidic pH, laser
irradiation drug will release, and photo-chemo therapy was evaluated in vitro (Yang
et al., 2018). In another report, gold nanorod conjugated with doxorubicin used for
the treatment of liver cancer. Here, GNR acts as photothermal agent as well as a
carrier for the drug. The combined therapy effect was proved in vitro as well as in

vivo in tumor-bearing mice (Chen et al., 2018). In another report,the capping agent
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CTAB of GNR replaced with truncated Evans blue. GNR covered with truncated
Evan blue helps to hold the drug molecule, human serum
albumin/hydroxycamptothecin (HSA/HCPT). The system used as a chemo-thermal
therapy agent which is superior touse chemo and photothermal therapy separately
(Wang et al., 2018). In another study,mesoporous silica-coated GNRs functionalized
with hyaluronic acid-RGD peptide (Huimin et al., 2018). It's used for the delivery of
doxorubicin in cancer treatment.

2.3.2. Gold nanorod-PPIX (Protoporphyrin 1X) nanomaterial for cancer

imaging and therapy

Gold nanorod(GNR) has good photothermal properties due to NIR
absorption.  Upon conjugating GNR with PS will impart additional photodynamic
property. GNR, along with Al (11l) phthalocyanine chloride tetrasulfonic acid
(AIPcS,), were used for combined PTT and PDT. Quenching in fluorescence was
observed in the complexation stages with AIPcS,, and on reaching the tumor site, the
fluorescence intensity enhancement was observed. The results obtained suggested
that combined therapy gives better results to single treatment(Jang et al., 2011b).
Jian Wang et al., investigated the treatment efficiency of chlorine e6
(photosensitizer) and aptamer switch probe (ASP)linked gold nanorod. ASP target
the cancer cells, and changes its confirmation leads to the release of PS molecule,
thereby facilitating singlet oxygen generation (Wang et al., 2013). Wen-ShuoKuo et
al.,studied indocyanine conjugated gold nanostructure for cancer therapy. The use of
indocyanine was limited due to its chemical degradation in water. In the presence of
GNR, its stability is increasing, and they used the system for PDT and PTT(Kuoet
al., 2012). One of the reports showed rose-bengal, a fluorescent molecule conjugated
with gold nanorod for the treatment of cancer. Singlet oxygen generation capacity of
rose-bengal was checked with a 532 nm laser irradiation in GNR system. An 810 nm
laser irradiation leads to temperature generation due to the presence of GNRs (Wang
et al., 2014). In another report, methylene blue loaded on silica-coated GNR for
cancer treatment. The presence of methylene blue resulted in PDT and photothermal
property due to GNRs were evaluated (Seo et al., 2014) in cancer condition. The
PDT and PTT efficiency of silylated zinc phthalocyanine (ZnPc) anchored silica-
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coated GNRswas investigated with irradiation of NIR laser. Hyaluronic acid (HA)
was further grafted on the system for targeting to CD44 antigen (Tham et al., 2016)

present in cancer cells.

2.4. Hybrid fluorescent gold based nanomaterial for imaging and
therapy- gold nanorod-gold cluster hybrid nanomaterial for cancer
imaging and therapy

Hybrid nanoparticles are combinations of two or more nanostructures with
combined properties of parental nanparticlesfor biomedical applications. In 2007, a
gold-coated iron oxide hybrid nanoparticle for MR and optical imaging was reported,
and it used for photothermal therapy after laser irradiation (Larson, Bankson &
Aaron 2007). Mathew Hembury et al., developed a hybrid gold quantum cluster-gold
particle in a mesoporous silica matrix called gold-silica quantum rattles for
fluorescence imaging and therapy. It reported that the instability of the gold quantum
cluster in aqueous media limits its use in the medicinal field. So to increase the
aqueous stability, they incorporate it into mesoporous silica along with gold
nanoparticle (Hembury et al., 2015). In another report, quantum dots which are
having emission property incorporated into a single-walled carbon nanotube, which
is having photothermal property. This hybrid quantum dots- single-walled carbon
nanosystem after conjugation with folic acid, was used for cancer cell imaging and
therapy (Nair et al., 2014). A gold-silver hybrid system developed for the treatment
of certain infections. Silver ions have already proven to have an antibacterial
property, and it cannot be monitor using normal techniques. So in this article, they
were used photoacoustic imaging, with gold nanorod’s photoacoustic nature. In the
hybrid system, they coated silver over gold nanorod; in the presence of chemical
ferricyanide solution (1 mM) silver ions will ooze out and showed the antibacterial
property. Gold and silver nanohybrid materials make use of the properties of both
gold and silver(Kim et al., 2018).
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Chapter 3
Materials & Methods

This chapter elucidates the materials and methods used for this thesis work.

3.1.Cadmium selenide quantum dots for simultaneous detection of

copper and creatinine

3.1.1. Materials

The chemicals such as cadmium chloride monohydrate (SRL chemicals),
selenium powder (Sigma Aldrich), sodium sulphite (Merck ), cysteine hydrochloride
(Sigma Aldrich), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Sigma
Aldrich) picric acid (PA) (Merck), zinc oxide, etc. were used without any further
purification.

3.1.2. Synthesis of quantum dot (Qd)

Selenium stock solution was prepared by mixing sodium sulphite (0.4 M) and
selenium metal powder (0.2 M) in 25 mL DI water at 75°C for 3h. 25 mg cadmium
chloride (2.5 mM, 25 mL) was treated with 131.5 mg of cysteine (15 mM, 25mL).
The pH of the solution was adjusted to 11.5 before adding the selenium stock. 125 pl
(5mM, 25 mL) selenium was added to the reaction mixture at 80°C. The whole
reactions were carried out at 590 rpm for 12h. Qds were purified by centrifugation
using the isopropanol-water mixture at 10000 rpm for 15 min.

3.1.3. Conjugation of picric acid with Qd (PAQd)

Purified Qds (c.a. 5mg) were treated with 12 mg (12.2 mM, 5 mL) of EDC
for 30 min. After 30 min 14 mg of picric acid (PA) (12 mM, 5 mL) was added at
room temperature, and the reaction mixture were stirred at 520 rpm for 2h. PAQd
were purified by centrifugation at 8000 rpm for 10 minutes.

3.1.4. Characterisation

Qd and PAQdwerecharacterised using fourier transform infrared
spectrometer (FT-IR) Carry 600 (Agilent Technologies) to confirm the
functionalization and chemical changes after the formation of a complex with EDC

and PA. FTIR spectra were recorded in the range 400 to 3600 cm™ in transmission
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mode using KBr pellet method spanning over 32 scans. NMR analysis was also used
to confirm the chemical changes that happened during the formation of PAQd. Zeta
potential at every step of synthesis was investigated using Malvern ZetasizerNanoZS
90 to investigate the change in the surface charge after functionalization. Surface
morphology was confirmed using TEM (100kv JEM-2010 HiTachi-JEOL, Tokyo,
Japan) analysis. UV-visible spectroscopy was done using Shimadzu UV
spectrometer- UV 2600 for analysis of the optical property and functionalization of
the quantum dots. The emission properties of the materials were studied using Varian
Carl Eclipse fluorescence spectrophotometer at different excitation wavelengths. All
the cell imaging experiments were performed using Olympus 1X83 Inverted
Fluorescence microscope (Tokyo, Japan) equipped with a cooled CCD camera
(XM10, monochrome, Olympus), a metal halide lamp (X-Cite, series 120PC Q), an
objective lens (LUCPLFLN 40X PH/0.6, include 100X, Olympus), excitation filters
(360-370, 470-495, 540-585), dichroic mirrors (DM410, DM505, DM595), and
emission filters (420-460, 510-550, 600IF) controlled with CellSens Imaging

software.

3.1.5. Sensing of copper and creatinine from aqueous solution

Different concentrations of copper and creatinine in the range from nano
molar (nM) to milli molar (mM) were prepared and were incubated with 1mg/mL
concentration of PAQd for 30s. Variations in fluorescence intensity were monitored
at 531 nm and 440 nm for copper and creatinine, respectively.
3.1.6. Sensing of copper and creatinine from blood serum

5 mL of human blood was collected from a healthy individual without any
bias. The serum was separated and diluted with normal saline and divided into
different batches. Each batch was incubated with varying concentrations of copper
and creatinine (nm to mM). Serum samples with different levels of copper and
creatinine were added to 0.01 mg/mL of PAQd, and changes in the fluorescence
intensity were monitored at 531 nm and 440 nm. The institutional ethics committee
approved the blood study; B form number SCT/IEC/594/APRIL-2014.
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3.1.7. Basic cell culture

MDA MB-231 (human breast cancer cells) and L929 (mouse alveolar and
adipose connective tissue cells) purchased from ATCC were used for the in vitro
analysis. L929 and MDA MB-231 cells were cultured using Dulbecco’s Modified
Eagle’s Medium (DMEM). The media was supplemented with 10% (v/v) fetal
bovine serum (FBS), 100 pgmL*penicillin, 100 pgmL™ streptomycin and 2.5 pgmL"
! amphotericin B. The entire cells were maintained in an incubator (5% CO, at
37°C). The 85-95% of confluent cells were harvested using trypsin-ethylenediamine
tetraacetic acid and sub-cultured in culture dishes at a seeding density of 0.25x10°

cells per millimeter.

3.1.8. Cytotoxicity studies

L929 and MDA MB-231 cells were seeded onto a 96-well plate with a cell
density of 1x10* cells/well and keep it for 24h of incubation; the cells was further
incubated with fresh media containing Qd and PAQd concentrations of 1, 0.5, 0.1,
0.05, 0.01, 0.005 and 0.001 mg/mL for 72 h. Then, the materials containing media
was removed and replaced with 100 pl of fresh serum-free DMEM medium
containing 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT-10
ul, 5 mg/mL). Following 3h incubation period, the MTT formazan crystals were
dissolved using DMSO (100 pL). Absorbance at 570 nm was measured using a
microplate reader (Synergy H1 hybrid multi-model microplate reader, Bio-Tek). The
relative percentage cell viability (%) for each material calculated.
3.1.9. Intracellular copper and creatinine detection

L929 and MDA MB-231 cells were seeded in a four-well plate and allowed
to grow in the DMEM medium for 24 h. Then each wellwas incubated with different
concentrations of copper (20 uM and 3 mM) and creatinine (3 nM and 0.033 mM).
After half an hour incubation, analyte containing media was removed and added the
fresh media, which contain 0.01 mg/mL of PAQd, for 3h. For the control
group,thesame cell was used without the incubation of analytes. For the detection,
fluorescence microscopic images were captured with the same exposure and gain

time. The intensity of the images was calculated using grayscale readings.
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3.1.10. Extracellular copper and creatinine detection

L929 and MDA MB-231 cells were seeded in a four-well plate and allowed
to grow in the DMEM medium for 24 h. Then each well was incubated with different
concentrations of copper (20 UM and 3 mM) and creatinine (3 nM and 0.033 mM)
followed by immediate addition of 0.01 mg/mL of PAQd. For the control group the
same cells without the incubation of analytes were used. For detection, fluorescence
microscopic images were captured with the same exposure and gain time. The
intensity of the images was calculated using gray scale readings.

3.2. Cadmium selenide quantum dots for the detection of lead and zinc
3.2.1. Materials

Reduced glutathione, Selenium powder, and sulfamethoxazole were
purchased from Sigma Aldrich. Sodium sulphite, isopropanol, methanol, zinc oxide
and lead nitrate were purchased from Merck andcadmium chloride monohydrate was
purchased from SRL chemicals. All chemicals were used without any further
purification.

3.2.2. Synthesis of glutathione capped cadmium selenide (GQd)

4 mg (1 mM, 20 mL) of cadmium chloride was treated with 18.13 mg (2.95
mM, 20 mL) of reduced glutathione and adjust the pH to 11.5. Then 50 ul of
selenium stock (0.5 mM, 20 mL (dissolving selenium metal powder to sodium sulfite
in 0.2:0.4M ratio at 75°C for 3 h in aqueous media as explained in section 3.1.2)) was
added at 60°C followed by stirring at 590 rpm for 12 h. Glutathione stabilized Qds
(GQd) were purified by centrifugation using isopropanol-water (1:1) mixture at
10000 rpm for 15 minutes.

3.2.3. Functionalisation of GQd with sulfamethoxazole (SMGQd)

GQd treated with 18 mg (4.7 mM, 10 mL) of sulfamethoxazolefor 24 h at
neutral pH and room temperature. SMGQd was purified using centrifugation at 8000
rpm for 10 minutes.

3.2.4. Characterisation

GQd and SMGQd was characterised using fourier transform infrared
spectrometer Carry 600 (Agilent Technologies FT-IR) to confirm the
functionalization and chemical changes with GQd. FT-IR spectra were recorded in
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the range 400 to 3600 cm™ in transmission mode using the KBr pellet method
spanning over 32 scans. NMR analysis was also used to confirm the chemical
changes that happened in the formation of SMGQd. Every step of synthesis was
investigatedusingzeta potential analyzer, make Malvern ZetasizerNanoZS 90 for
studying the change in surface charge. Surface morphology was confirmed using
TEM (FEITecnai G2 F30 S -Twin TEM 300 kV) analysis. UV-visible spectroscopy
was studied using Shimadzu UV spectrometer- UV 2600, to confirm the optical
property and functionalisation of SMGQd. The emission properties of the materials
were studied using Varian Carl Eclipse fluorescence spectrophotometer at different
excitation wavelengths.
3.2.5. Detection of zinc and lead

Different concentrations of zinc (hM — mM) and lead (pM-mM) were added
to 1 mg/mL solution of SMGQd and GQd respectively. The emission profile of

solutions was recorded using a spectrofluorometer at 420 nm excitation.

3.3. Cysteine gold cluster for the detection of dopamine and cellular

imaging

3.3.1. Materials

Chloroauric acid (HAuCl,), sodium borohydride (NaBH,), sodium hydroxide
(NaOH), and cysteine were purchased from Sigma Aldrich. All cell culture media
(F12 and DMEM) and reagents (MTT, FBS, and Antibiotic — antimycotic solution)
were purchased from HiMedia.

3.3.2. Synthesis of gold cluster (AuC)

Chloroauric acid (2.5 mM) and cysteine (ImM) were mixed in the ratio of
2:1(w/w) followed by NaOH (10 mM) till the solution faded its color or till it
became basic. Then 100 ul of sodium borohydride (10 mM) was added and stirred
for 30 min. The product was used without any further purification. The synthesis was

optimized using different concentrations of reactants.
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3.3.3. Characterisation

AuC was characterised by Fourier transform infrared spectrometer Carry 600
(Agilent Technologies FT-IR) to analyze the functionalisation. FT-IR spectra were
recorded in the range 400 to 3600 cm™ in transmission mode using the KBr pellet
method spanning over 32 scans. Zeta potential at every step of synthesis of AuC was
investigated using Malvern ZetasizerNanoZS 90 to investigate the change in charge.
Surface morphology was confirmed using TEM (100kv JEM-2010 HiTachi-JEOL,
Tokyo, Japan) analysis. Shimadzu UV spectrometer- UV 2600 used for absorbance
spectra measurements. The emission property was studied using Varian Carl Eclipse
fluorescence spectrophotometer at different excitation wavelengths. A spectrum at
every pixel was taken (Scan Range: 40 x 40 uM2, 100 x 100 pixel, 10,000 spectra)
using a 20 x Nikon objective. The sample was excited with a 10 mW power, 633 nm
frequency doubled Nd:YAG laser. Suitable cells were focused and scanned with an
integration time of 0.5s using a video camera.The cell imaging experiments were
performed using Olympus 1X83 Inverted fluorescence microscope (Tokyo, Japan)
equipped with a cooled CCD camera (XM10, monochrome, Olympus), a metal
halide lamp (X-Cite, series 120PC Q), objective lens (LUCPLFLN 40X PH/0.6,
include UPLFLN 100X/0.3, Olympus), excitation filters (360-370, 470-495, 540-
585), dichroic mirrors (DM410, DM505, DM595), and emission filters (420-460,
510-550, 600IF) controlled with CellSens Imaging software.
3.3.4. Sensing of dopamine

Different concentrations of dopamine (fM-mM) were added to the solution
containing 1mg/mL of AuC, and fluorescence intensity at 645 nm was measured in
aqueous and PBS solution. Cellular dopamine detection was done in C6 glioma cells.
Cells were seeded on four well plates after 24 h,and different concentrations of
dopamine were incubated for 3h. Then 1 mg/mL solution of AuC was added, and
fluorescence intensity was recorded.
3.3.5. Cellular imaging using AuC

Different concentrations of AuC were incubated with L929 and MDA MB-
231 cell lines and evaluated cytotoxicity using MTT (protocol is already given). For
cellular imaging, cells were seeded in four-well plates, and after attaining 80%
confluence, AuCs were incubated for 3h. After that, cells were stained with DAPI
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and washed with PBS for 3 times. Images were recorded using a fluorescence

microscope.
3.4. Gold nanorod-MTX (Mitoxantrone) nanomaterial for in vitro

cancer imaging and therapy

3.4.1. Materials

Chloroauric acid (HAuCl,), thioamine polyethylene glycol (thio-Amino PEG)
andcetyltrimethyl ammonium bromide (CTAB), mitoxantrone and folic acid were
purchased from Sigma Aldrich. Ascorbic acid, sodium borohydride, and silver nitrate
were purchased from Merck. All cell culture media (DMEM) and reagents (Hoesch,
MTT, FBS, antibiotic-antimycotic, acridine orange, and ethidium bromide) were
purchased from HiMedia.
3.4.2. Preparation of gold nanorod (GNR)
Gold nanorods were synthesised using seed-mediated growth procedure. Seed
solution was prepared by treating 0.25 mL of 2.2 mM HAuCIl, with sodium
borohydride (NaBH,) (100 puL of 10 mM) as a reducing agent and CTAB (3 mL of
0.1 M) as a stabilizing agent. The solution was kept at 20 °C for 3 h. The growth
solution was prepared by treating 0.2 mM HAuCI, (3.3 mL) with CTAB (50 mL of
0.1M), AgNOs3 (250 pL of 0.01 M), and ascorbic acid (250 pL of 0.1 M) followed by
166 pL of seed solution. The solution was kept overnight for the growth of the
nanorod at room temperature. On completion of the growth, the solution was kept at
4° C for 1h, and then at room temperature to remove the excess CTAB as sediment.
The supernatant collected was centrifuged at 1200 rpm for 20 minutes, and the
centrifugation was repeated thrice to purify the GNR.
3.4.3. Surface modification of GNR with thioamino polyethylene glycol (PGNR)

GNR was stirred with 1 mg of thioamino PEG for two hours. The synthesized
material was recovered using centrifugation at 22000 rpm for 15 minutes and washed
twice to get PGNR.
3.4.4. Preparation of cancer targeting system (FPGNR)

PGNR was treated with half the concentration of folic acid through
EDC/NHS coupling. 3mg/5uL of EDC was treated with folic acid at pH 4, and the

35



solution was stirred for 3 h. Then 3mg/5uL of NHS was added to the solution and
kept stirring for 3h. After 15 minutes, PGNR was added to the EDC/NHS mixture,
and the solution was stirred for another 12 h at pH above 9 and then centrifuged at
22000 rpm for 15 minutes. The pellet was washed twice to remove the unreacted
folic acid. The construct was named as FPGNR.
3.4.5. Encapsulation of mitoxantrone(MTX) drug to FPGNR (MTX@FPGNR)

FPGNR was sonicated with 0.5 mL of 1.5 mg/mL MTX solution for 15
minutes. Then the solution was stirred for 12 h at pH 4.The products were washed by
centrifugation with distilled water for 15 minutes at 22000 rpm to remove the
unreacted MTX. The construct was named as MTX@FPGNR.
3.4.6. Characterisation

GNR, PGNR, FPGNR, and MTX@FPGNR were characterised by fourier
transform infrared spectrometer Carry 600 (Agilent Technologies) to confirm the
functionalisation and chemical changes after functionalisation of GNR. FT-IR
spectra were recorded in the range 400 to 3600 cm™ in transmission mode using the
KBr pellet method spanning over 32 scans. Zeta potential at every step of synthesis
was investigated using Malvern Zetasizer NanoZS 90 to investigate the change in
charge after functionalisation. Surface morphology was confirmed using TEM
(100kv JEM-2010 HiTachi-JEOL, Tokyo, Japan) analysis. UV-visible spectroscopy
was using Shimadzu UV spectrometer- UV 2600 to confirm the functionalisation of
GNR. The emission property was studied using Varian Carl Eclipse fluorescence
spectrophotometer at different excitation wavelengths. The heat generation potential
of the material was studied by irradiating with 808 nm laser (MDL Il1). Raman
imaging of the cells and surface-enhanced Raman scattering were investigated with
the spectral imaging mode of the confocal Raman microscope (alpha300R, WITec
Inc. Germany). A spectrum at every pixel was taken (Scan Range: 40 x 40 uM2, 100
x 100 pixel, 10,000 spectra) using a 20 x Nikon objective. The sample was excited
with a 10 mW power, 633 nm frequency doubled Nd:YAG laser. Using the
integrated video camera, a suitable cell was focused and scanned with an integration
time of 0.5s. All the cell imaging experiments were performed using Olympus 1X83
Inverted fluorescence microscope (Tokyo, Japan) equipped with a cooled CCD
camera (XM10, monochrome, Olympus), a metal halide lamp (X-Cite, series 120PC
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Q), objective lens (LUCPLFLN 40X PH/0.6, include UPLFLN 100X/0.3 , Olympus),
excitation filters (360-370, 470-495, 540-585), dichroic mirrors (DM410, DM505,
DM595), and emission filters (420-460, 510-550, 600IF) controlled with
CellSensimaging software.
3.4.7. Drug release

In vitro drug release study was doneusing fluorescence spectroscopy.
Img/mL of MTX@FPGNR was weighed separately and divided into four batches.
One batch was dissolved in normal distilled water (pH 7) and another batch in DI
water (pH 4). Similar batches were chosen for laser irradiation. Fluorescence of each
sample was pre-recorded, and all the samples were diluted to 5 mL with solvent, as
mentioned above. At different time intervals of 1, 2, 4,8,12, and 24 h, one batch of
each sample was irradiated with 808 nm laser for 1.30 S with 1W power. All the four
samples were centrifuged at 15000 rpm for 10 minutes. 1 mL of supernatant was
collected and then made up to 5 mL with fresh solvent. The fluorescence intensity of
each collection was recorded with 600 nm excitation. The ratio of the intensity of
668 and 711 nm was recorded, which are the characteristics emissions of MTX drug.
This ratio is directly proportional to the concentration of MTX drugs.
3.4.8. Cell culture

Two cancerous cell lines over expressing different levels of folate receptors
were chosen for this study: HeLa (human cervical cancer) and C6 glioma (rat glial
tumor). Normal fibroblast cell line L929 (mouse alveolar and adipose connective
tissue) was used as a folate receptor-negative control group. L929 and HelLa cells
were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10%
(v/v) fetal bovine serum (FBS), 100 umL™ penicillin, 100 pgmL *streptomycins and
2.5 pgmL-1 amphotericin B. C6 glioma cell line was cultured in Dulbecco’s
Modified Eagle’s Medium/Nutrient mixture F12 Ham (DMEM/F12, 1:1)
supplemented with 1 mM sodium pyruvate, 10 % (v/v) fetal bovine serum (FBS),
100 pmL*penicillin, 100 pgmL *streptomycins and 2.5 ugmL™ amphotericin B. All
the cell lines were maintained in a humidified atmosphere with5% CO, at 37°C. All
experiments were performed using the following protocol: cells grown to reach 85-
95% confluency were harvested with trypsin-ethylenediaminetetraacetic acid and
sub-cultured in culture dishes at a seeding density of 0.25x10° cells per millimeter.
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3.4.9. In vitro cellular cytotoxicity

The cellular cytotoxicity of all constructs was tested in all three cell lines,
L 929, C6, and HeLa. All cell line was seeded onto a 96-well plate with a cell density
of 1x10* cells/well. After 24 h of incubation, the cells were further incubated with
fresh media (100 pL per well) containing all constructs in concentrations of 2, 1, 0.5,
0.25, and 0.125 mg/mL for 24 h, respectively. Then the constructs containing media
were removed and replaced with 100 uL of fresh DMEM containing 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT-10 pL, 5 mgmL™).
Following 4 h of incubation period, the insoluble MTT formazan crystals formed
were dissolved with DMSO (100 pL). Absorbance at 570 nm was measured using a
microplate reader (Synergy H1 hybrid multi-mode microplate reader, Bio-Tek). The
relative cell viability (%) for each construct related to the control cells was finally
calculated.
3.4.10. Cancer cell targeting potential of MTX@FPGNR

HeLa, C6, and L929 cell lines were evaluated for the uptake of
MTX@FPGNR using fluorescence microscopy. All the cells were trypsinized and
seeded in 4 well plates (10* cells/well) for further investigation. Then the cells were
incubated with 1 mg/mL of MTX@FPGNR for 6 h. After incubation, the cell lines
were washed three times with PBS to remove the excess material in media and then
stained with nuclear specific Hoechst stain for 10 min. Excess stain was removed by
PBS wash, and the cells were imaged under the inverted fluorescence microscope.
3.4.11. Evaluation of drug release in cancer cells
3.4.11.1.Fluorescence technique

HelLa, C6 cell lines were evaluated for drug release using fluorescence
microscopy. All the cells were trypsinized and seeded in 4 well plates (10* cells/well)
for further investigation. Then the cells were incubated with 1 mg/mL of
MTX@FPGNR for 6 h. After incubation, the cell lines were washed with PBS three
times to remove excess material in the media. The cells were divided into two
batches containing each cell and were irradiated with 808 nm laser with 1W power

for 1.30s. Then each cell were stained with nucleus specific Hoechst stain for 10
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min. Excess stain was removed by PBS wash, and the cells were imaged under the
inverted fluorescence microscope.
3.4.11.2. Raman spectroscopy

Both HeLa and C6 cancer cell lines were cultured in labtekfour-well chamber
slides. After the cells attained 50% confluency, the final construct MTX@FPGNR
was incubated at a concentration of 1 mg/mL in both the cell lines for 6 h, to get
maximum uptake. One set of construct treated cells was irradiated with 808 nm laser,
and another set was kept without laser irradiation. These construct treated cells with
and without laser irradiation were mapped by Raman microscope to confirm the drug
release, along with untreated HelLa and C6 cells as a control to observe the changes
in the Raman signatures.
3.4.12. Validation of photothermal and chemotherapies using MTX@FPGNR
3.4.12.1.Quantitative analysis of photothermal treatment

For the quantitative determination of photothermal therapy, HelLa and C6
cells were used. Both cells were seeded in 96 well plates at a density of 10,000 cells
per well and incubated for 24 h. Different concentrations of GNR, PGNR, FPGNR
and MTX@FPGNR were prepared using cell culture medium. The existing medium
in the wells was replaced with 100 pL of fresh medium containing the materials and
incubated for different time periods. The wells were irradiated with 808 nm laser for
1.30 s with a laser power of 1W. Then MTT assay was carried out. Similarly, for
chemotherapy MTX alone was incubated with different cell lines for 6h.
3.4.12.2. Qualitative analysis of photothermal treatment

For the qualitative microscopy evaluation of photothermal therapy, both the
cancer cell lines were treated with 1 mg/mL of MTX@FPGNR for six h and the cells
were irradiated with a laser. Live dead assay was done using acridine
orange/ethidium bromide staining. 1 pL of each dye was added to 1 mL of PBS and
100 pL of solution was added to each well and the cells were imaged under a

fluorescent microscope.
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3.5. Gold nanorod-PPIX nanomaterial for cancer imaging and therapy
3.5.1. Preparation of gold nanorod (GNR & GSH@GNR)

Gold nanorods were synthesised using seed-mediated procedure. Seed
solution was prepared by treating 2.2 mM HAuCI, with 10 mM NaBH, as a reducing
agent and 0.1 M CTAB as a stabilizing agent in 3 mL. The solution was kept at
20ccfor 3hrs. The growth solution was prepared by treating 2.2 mM of HAuUCI, with
0.1M of CTAB, 0.01 M of AgNO3, 0.1 M of ascorbic acid followed by 200 pL of
seed solution with a total of 54.3 mL and the solution was kept the solution overnight
at room temperature. After the completion of growth, the solution was kept in 4°C for
1h and then kept at room temperature to settle down the excess of CTAB. After
removing the settled particle, the supernatant was centrifuged at 1200 rpm for 20
minutes, and this was repeated thrice.

The GNR was subjected to a ligand exchange reaction with reduced
glutathione in less than 4°C. The centrifuged GNR was treated with 0.25 M reduced
glutathione by simple stirring at 500 rpm for 3 hrs. The solution was kept in 4°C for
1h and then kept at room temperature to settle down CTAB. After removing the
settled particle, the supernatant was centrifuged at 1200 rpm for 20 minutes, and this
was repeated thrice. The final product is abbreviated as GSH@GNR.

3.5.2. Preparation of photosensitizer/ cell targeting system (P@GNR/F@PGNR
complex)

Protoporphyrin IX was treated with double the concentration of GSH@GNR
through EDC/NHS coupling. Initially, 5mg/5puL of EDC was treated with
protoporphyrin IX at pH 4 for 3h. Then 3mg/5uL of NHS was added and stirred for
15 minutes, and then GSH@GNR was added,and the pH was maintained above 9.
Stirring was continued for 12h and then centrifuged at 14000 rpm. The product
obtained was abbreviated as P@QGNR.

P@GNR was again functionalized with folic acid through EDC/NHS
coupling reaction. Initially, 5mg/5 pL of EDC was treated with P@GNR at pH 4 for
3hrs. Then 3mg/5 pL of NHS was added and stirred for 15 minutes and then added
the folic acid, and the pH was maintained above 9. Stirring was continued for 12h
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and then centrifuged at 14000 rpm. The product obtained was abbreviated as
F@PGNR.
3.5.3. Characterisation

The GNR, GSH@GNR, P@GNR, and F@PGNR were initially characterized
by Fourier transform infrared spectrometer to confirm the functionalisation and
chemical changes after the functionalisation of GNR. Spectra were recorded in
transmission mode using the KBr pellet method in the range from 400-4000 cm™
over 32 scans. Zeta potential of each step was investigated using Malvern
ZetasizerNano ZS 90 to investigate the change in charge with functionalisation.
Surface morphology was confirmed using TEM (100kv JEM-2010 HiTachi-JEOL,
Tokyo, Japan) analysis. UV-visible study was done using Shimadzu UV
spectrometer- UV 2600. The emission property was studied using in Varian Carl
Eclipse fluorescence spectrophotometer at different excitation wavelengths. The
fluorescence imaging property of synthesized material was checked using IVIS
Spectrum live animal imaging system. Fluorescence lifetime measurements were
carried out using time-correlated single-photon counting (TCSPC) method with an
excitation wavelength of 451 and 344 nm and using Fluoro Max-4C
Spectrofluorometer (Horiba Instruments, USA) instrument.
3.5.4. In vitro cytotoxicity evaluation

L929 mouse fibroblast cells from ATCC were used for cytotoxic studies.
Cells were seeded in 96 well plates at a density of 9000 cells per well and incubated
for 12h. Thereafter the GNR, GSH@GNR, P@GNR and F@PGNR were diluted
using cell cultured medium to obtain 1 mg/mL, 0.5 mg/mL, 0.1 mg/mL, 0.05 mg/mL,
0.01 mg/mL, 0.005 mg/mL and 0.001 mg/mL concentrations and incubated in cells
for 72 h. Cells with media alone grown on the same plate was used as control. Then
the material containing media was removed and replaced with 100 pL of fresh
DMEM containing 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT-10 pL, 5 mgmL—1). Following four h of the incubation period, the insoluble
MTT formazan crystals formed were dissolved with DMSO (100 pL). Absorbance
was measured at 570 nm using a microplate reader (Synergy H1 hybrid multi-mode
microplate reader, Bio-Tek). The relative percentage cell viability for each system
related to the control cells was finally calculated.
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3.5.5. Cellular uptake of P@GNR and F@PGNR complex

The cellular internalization of P@GNR and F@PGNR was performed with a
confocal microscopic investigation of cancer cells (MCF7). The cells were seeded on
a cover glass with a density of 9000 cells/well. After three h of incubation of material,
each material (Lmg/mL) cells were washed with PBS and were stained with Dapi and
mounted on a confocal glass plate, and fluorescence images were acquired.

3.5.6. In vitro photothermal treatment

MCEF7 cells were used for the photothermal studies. MCF7 cells were seeded
96 well plates at a density of 9000 cells per well and incubated for 12 h. Thereafter
the GNR, GSH@GNR, P@GNR and F@PGNR were diluted using cell cultured
medium to obtain 1 mg/mL, 0.5 mg/mL, 0.1 mg/mL, 0.05 mg/mL, 0.01 mg/mL,
0.005 mg/mL and 0.001 mg/mL concentrations. The existing medium was replaced
with 100uL of fresh medium containing the materials of different concentrations and
incubated for the different time period. Cells with the same condition without
material treatment were taken as a control group. Then 808 nm laser was irradiated
for the 50s with a laser power of 0.05W. Then MTT assay was carried out.

Cells treated with Img/mL solution after laser irradiation live dead assay was
done using ethidium bromide and acridine orange staining. The procedure followed:
100 pL of both the dyes were mixed and added 200 pL for each well kept it for 2
minutes, and then microscopic images were taken.

3.5.7. In vitro photodynamic treatment

MCEF7 cells were used for the photothermal studies. MCF7 cells were seeded
in each well of 96 well plates at a density of 9000 cells per well and incubated for 12
h. Thereafter the GNR, GSH@GNR, P@GNR and F@PGNR were diluted using cell
cultured medium to obtain 1 mg/mL, 0.5 mg/mL, 0.1 mg/mL, 0.05 mg/mL, 0.01
mg/mL, 0.005 mg/mL and 0.001 mg/mL concentrations. The existing medium was
replaced with 100uL of fresh medium containing materials of different
concentrations and was incubated for the different time period. Cells having fresh
media without material were used as control. Then 530 nm laser was irradiated for

40 s with a laser power of 0.05W, and then MTT assay was carried out.
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For qualitative measurement of PDT, cells treated with Img/mL of material
were irradiations with laser 530 nm followed by live dead assay were carried out.
Ethidium bromide and acridine orange stain is used for live and dead cell imaging.
3.5.8. In vivo studies

The Institutional Animal Ethics Committee approved all animal studies; B-
form number SCR/IAEC-149/MARCH/2015/87R. Swiss Albino mice of 20 g were
used for the in vivo experiments. MCF7 cells were injected subcutaneously into the
hind flank of each mouse. Animals were used for experiments, after two weeks of
tumor induction.

For in vivo NIR fluorescence imaging, PDT and PTT, the animals were
divided into 3 (1 control and 2 test) different groups having six animals each in a
group. The first group of animals injected with PBS was used as control. The second
group was injected with 0.5 mg/mL of P@GNR, and the third group was injected
with 0.5 mg/mL of F@PGNR in 500 pL PBS. After half an hour, the animals were
imaged using the IVIS animal imaging system. One among them,one from each
group were sacrificed, and images were collected from excised organs. The rest of
the animals from each group has undergone PDT/PTT treatment.

For PDT analysis, each animal (both control and test) was exposed to a 530
nm laser followed by fluorescence spectrum recording. The experiment was repeated
at regular intervals of time till the 9" day when the test animal’s spectrum matched
with control.

In the case of PTT, animals of both test and control were exposed with 808
nm laser. The fluorescence spectrum was recorded and repeated till the 6" day when
the symptoms of cancer disappeared in the fluorescence spectrum.

The tumor regression was monitored based onthechange in the concentration
of total hemoglobin concentration and redox ratio. The total hemoglobin
concentration was calculated from emission spectra at 410 nm excitation, which
gives the spectral filtering modulation effect of hemoglobin. Hemoglobin
concentration is one of the indicators of vascularization and is estimated from the
equation

Total hemoglobin concentration (Cpp) = Flsgo/Fls7o
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Additionally, the redox ratio was also used for the evaluation of tumor
regression. The metabolic activity can be monitored by the redox ratio (at 320 nm
excitation). The ratio is calculated using the equation (Nair et al., 2015b; Nazeer et
al., 2014a)

Redox ratio= FAD intensity/ (FAD intensity +NADH intensity)

3.6. Gold nanorod-gold cluster hybrid nanomaterial for cancer
imaging and therapy
3.6.1. Materials

Chloroauric acid (HAuCl,), cetyltrimethylammonium bromide (CTAB),
reduced glutathione, mercapto succinic acid, and folic acid were purchased from
Sigma Aldrich. Sodium borohydride, silver nitrate, ascorbic acid, and sodium
hydroxide were purchased from Merck. All cell culture media (DMEM) and reagents
(MTT, acridine orange, ethidium bromide, Dapi, FBS, and antibiotic-antimycotic
solution) were purchased from HiMedia.
3.6.2. Synthesis of gold cluster-gold nanorod hybrid nanomaterial
(GQC@GNR)

Gold nanorods were synthesised as mentioned in the previous section (3.4.2).
GQC was synthesised in two-step method. At first, gold nanoparticles were
synthesised using mercaptosuccinic acid and chloroauric acid. Then GQC was
synthesized by etching of gold nanoparticles with reduced glutathione (GSH). For
the synthesis of NIR emitting gold nano cluster, mercaptosuccinic acid conjugated
gold nanoparticles (GMSA) was treated with GSH at 0°C. In a typical experiment,
2.8 mg GMSA at pH 1.5 and 12 mg GSH (at 0°C) was dissolved in 30 mL MQ
water. After 15 min, this system was allowed to react at 70°C at 500 rpm for 24 h. As
time progressed, the color of the solution changed from brown to yellow. The gold
cluster (GQC) was collected by centrifugation at 3000 rpm for 10 minutes to remove
any GMSA. The supernatant was collected and precipitated in 1:1 methanol
isopropanol mixture to remove the unreacted GSH from the cluster.
GNR and GQC were mixed by different pH conditions (neutral GQC, acidic GQC,
and basic GQC to neutral GNR, or neutral GQC is added to neutral GNR, acidic
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GNR or basic GNR). The mixtures were stirred for 3 h. Purification was done by
centrifugation, and excess GQC was removed by methanol wash.

3.6.3. Characterisation

The UV-visible study was done using Shimadzu UV spectrometer- UV 2600.
The emission property was studied using in Varian Carl Eclipse fluorescence
spectrophotometer at different excitation wavelengths. The fluorescence imaging
property of synthesized material was checked using IVIS Spectrum live animal
imaging system. Fluorescence quantum yield calculations were done using the
standard method from emission spectra. Zeta potential of each step was investigated
using Malvern Zetasizer Nano ZS 90 to investigate the change in surface charge
before and after functionalization. Surface morphology was confirmed using TEM
(100kv JEM-2010 HiTachi-JEOL, Tokyo, Japan) analysis.
3.6.4. In vitro cytotoxicity evaluation

L929 mouse fibroblast cells from ATCC were used for cytotoxic studies.
Cells were seeded in 96 well plates at a density of 9000 cells per well and incubated
for 12h. After that the GQC@GNR was diluted using cell cultured and incubated in
cells for 24 h. Cells with media alone grown on the same plate was used as control.
Then the material containing media was removed and replaced with 100 pL of fresh
DMEM containing 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT-10 pl, 5 mg/mL). Following 4 h of the incubation period, the insoluble MTT
formazan crystals formed were dissolved with DMSO (100 pL). Absorbance at 570
nm was measured using a microplate reader (Synergy H1 hybrid multi-mode
microplate reader, Bio-Tek). The relative percentage cell viability for each system
related to the control cells was finally calculated.
3.6.5. Cellular uptake of GQC@GNR

The cellular internalization of folic acid conjugated GQC@GNR was
performed with an Olympus microscope in HelLa cells. The cells were seeded on a
cover glass with a density of 9000 cells/well. After 3 h of incubation of material,
each material (0.1 mg/mL) cells was washed with PBS mounted on a confocal glass

plate, and the fluorescence images were acquired.
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3.6.6. In vitro photothermal treatment

HeLa cells were used for the photothermal studies. HeLa cells were seeded
in 96 well plates at a density of 9000 cells per well and incubated for 12 h. There
after the folic acid conjugated GQC@GNR were diluted using cell cultured medium
to obtain 0.5 mg/mL, 0.4 mg/mL, 0.31 mg/mL, 0.3 mg/mL, 0.2 mg/mL, 0.1 mg/mL,
0.05 mg/mL and 0.025 mg/mL concentrations. The existing medium was replaced
with 100pl of fresh medium containing the materials of different concentrations and
incubated for three h. Cells with the same condition without material treatment were
taken as the control group. Then 808 nm laser was irradiated for the 60s with a laser
power of 0.05W. Then MTT assay was carried out.

Cells treated with 0.5 mg/mL solution after laser irradiation live dead assay
was carried out using ethidium bromide and acridine orange staining. The procedure
followed was 100 pL of both the dyes were mixed and added 200 pL for each well
kept it for 2 minutes. Then microscopic images were taken.

3.6.7. In vivo studies

All animal studies were approved by the Institutional Animal Ethics
Committee (B form number SCT//IAEC-082/OCTOBER/2013/82)

Swiss Albino mice of 30 g were used for the in vivo experiments. Dalton
lymphoma cells were injected subcutaneously into the hind flank of each mouse.
After 5 days of tumor induction, animals were used for experiments.

The first group of animals were injected with PBS, was used as control. The
second group injected with 0.5 mg/mL of GQC@GNR in 500 pL PBS. After half an
hour, the animals were imaged using the IVIS animal imaging system. One among
each group were sacrificed, and images were collected from excised organs and

biodistribution were monitored.
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Chapter 4

Results

This chapter confers the results obtained by following the methodologies discussed
in chapter 3.
4.1.Quantum dot based multianalyte detection

Quantum dots are considered to bean ideal candidate for sensing, due to its
exceptional fluorescence properties. In the present thesis, two cadmium selenide
quantum dots with two different capping agents and fluorescent properties are
utilized for the detection of multianalyte. The quantum dotused for the sensing
applications are cysteine and glutathione capped cadmium selenide quantum dots
(Qd and GQd) having green and red emission, respectively. Qd was designed for the
simultaneous detection of copper and creatinine. Sulfamethoxazole functionalized

GQd was used for the detection of lead and zinc.

4.1.1. Cadmium selenide quantum dots for simultaneous detection of copper
and creatinine

Cadmium selenidequantum dots with cysteine (amino acid) as a capping
agent were synthesised (Qd) and used for the sensing of copper and creatinine.

4.1.1.1. Synthesis of quantum dot based sensor (PAQd) and its characterisation

Cysteine quantum dots (Qds) were synthesised and functionalised with picric
acid through EDC, as explained in 3.1.1.The UV-visible spectrum of Qd showed a
broad shoulder peak at 515 nm (Figure 11). The spectrum of PAQd showed a strong
absorption peak at 354 nm and a broad shoulder peak at 502 nm. The presence of
these peaks confirmed the functionalisation of picric acid over Qd, because picric
acid has a characteristic absorption peak at 356 nm. Transmission electron
micrograph of Qd showed well dispersed particles (Figure 11b), whereas that of

PAQd (Figure 11c) showed an organic layer of picric acid over it.
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Figure 11: a) UV-visible spectra of Qd, PA and PAQd b) Transmission electron

micrographs of Qd and ¢) PAQd.
Again, the emission properties of the samples were evaluated with a

fluorescence spectrometer. Qd showed an emissionpeak at 540 nmwhen excited at

390 nm (Figure 12a). Upon conjugation with picric acid (PA), this peak is blue-
shifted to 515 nm. The conjugated PAQdshowed an additional emission peak at 446
nm on excitation with 290 nm, which was absent in the case of Qd (Figure 12b).

Fluorescence lifetime decay spectral values of both the emissions were evaluated and

found to be 4 and 5ns (Figure 12¢ & d).
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Figure 12: Emission spectra of Qd, PA, and PAQd a) Aex 390 nm and b) Aex 290 nm
c) Fluorescence lifetime decay spectrum of Qd at 515 nm emission and d)
fluorescence lifetime decay spectrum of PAQd at 446 nm emission.
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The functionalisation was again confirmed using FT-IR spectroscopy (Figure
13). In the FT-IR spectrum of Qd, the absence of —SH peak at 2557 cm™confirms the
formation of S-M (sulphur-metal) bond. The broad peak at 3425 cm™ indicates the
presence of intermolecular hydrogen bonding. Shoulder peak at 1623 cm™ indicates
the presence of the carbonyl group of cysteine. Qd on functionalisation with EDC
followed by PA, the hydroxyl (OH) peak of PA at 3428 cm™ disappears indicated the
participation of —OH group. Peaks around 3000 cm™ and 600-900 cm™ confirmed the
presence of an aromatic ring, and the peak at 1334 cm ™ confirms the nitro group.

R " PAQd
3428cm-L 1640 ¢fin-L —PA

T (%)
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2557 cmt
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Figure 13: FT-IR Spectra of Qd, PA, and PAQd.
Nuclear magnetic resonance (NMR) spectra of Qd and PAQd (Figure 14)

again confirm the successful functionalisation of picric acid over Qd. NMR spectra
of Qd show the peaks corresponding to NH, CH, and CH.at 1.81 ppm (1H,s,J-33.6
Hz) 3.64 ppm(1H, s, J-30) and 3.42- 3.52 ppm (2H, m, J-15) respectively. Whereas
in the NMR spectrum of PAQ, no acidic hydrogen is observed, indicating that the
phenolic -OH is participating in the reaction. And the presence of aromatic ring in
the 8.860 ppm and 8.360 ppm confirms the presence of picric acid in PAQd. All
other characteristic peaks of NH, CH, and CH, were observed with minor chemical

shifts due to the functionalisation of picric acid on Qd.
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Figure 14: NMR spectra of a)Qd and b)PAQd.

The surface charges of samples were tested using zeta potential analysis. It
was observed that Qd showed zeta potential value of-16.7 mV and that of PAQU, it
was -14.9 mV. The change in zeta potential suggests the functionalisation, and the

PAQd value indicates the stability of the systems (Figure 15).
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Figure 15: Zeta potential of Qd and PAQd.
4.1.1.2. Sensing of bioanalytes (copper and creatinine) using PAQd

Copper and creatinine were detected optically using the change in
fluorescence property of PAQd. Upon the addition of creatinine to 1 mg/mL of the
sensor, the fluorescence intensity at 446 nm showed a concentration-dependent
increase of creatinine (Figure 16a). Meanwhile, the addition of copper to the
sensorcauses concentration-dependent fluorescence quenching at 531 nm (Figure
16b).
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Figure 16: Emission spectra of PAQd (a. Aex 290 nm and b. Ae 390 nm) a)
fluorescence enhancement on the addition of higher concentration of creatinine and
b) fluorescence quenching on the addition of different concentration of copper.

The sensing property of PAQd was also evaluated in blood serum. Serum,

separated from human blood, was diluted with saline and incubated with different
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concentrations of creatinine and 0.01 mg/mL of PAQd. The enhancement of the
fluorescence emission at 446 nm,with an increase in the concentration of creatinine
(Figure 17a), was noted.

Another batch of serum was incubated with different concentrations of
copper and added 0.01 mg/mL of PAQd. Here, fluorescence intensity at 531 nm

decrease as the concentration of creatinine increases (Figure 17b).
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Figure 17: a) Detection of creatinine in blood serum using PAQd [Black-:PAQd, red
to pink- increase in creatinine concentration; arrow indicate the increase in
fluorescence intensity] b) detection of copper in blood serum using PAQd [black:-
PAQ, red to pink -increase in copper concentration; arrow indicate the decrease in
fluorescence intensity].
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Figure 18: MTT assay of Qd and PAQd in a) L929 cells and b) MDA-MB-231 cells.

Before checking the feasibility of these materials to detect copper and
creatinine in the cellular environment, their cytotoxicity evaluation is essential. MTT
assay of Qd and PAQd using L929 and MDAMB-231 cells showed that
concentration of the order of 0.01 mg/mLof both Qd and PAQd has more than 80%
cell viability(Figure 18).
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Because analytes of interest could be present both inside and outside the cells, the
extracellular and intracellular sensing efficacy of the sensor was checked. For
intracellular creatinine sensing, cells were incubated with creatinine for 30 minutes
and washed with PBS followed byincubating with PAQd for 3h. Intracellular Cu was
also evaluated with the same procedure. Both the cell lines, fluorescence quenching
as the concentration of Cu increases and enhancement as creatinine concentration
increases were observed. For extracellular creatinine sensing, sensor PAQd was
incubated with the cells initially for 3 h followed creatinine for 3 minutes. The same
procedure was used for extracellular sensing of copper as well. Fluorescence
enhancement was observed with creatinine for L929 cells, whereas MDAMB 231 did
not show any significant change. Observations were similar in the case of Cu, where
the fluorescence decrease was evident in L929 cells, but not so with MDAMB 231

cells(Figure 19& Figure 20).
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Figure 19: Detection of creatinine; as creatinine concentration increases,
fluorescence intensity also increases considerably in L1929 cells. Fewer
enhancements in the case of MDA-MB- 231 cells are visible.
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Figure 20: Detection of copper; as concentration increases, fluorescence intensity
decreases considerably in L929 cells. Intensity decrease is not prominent in the case
of MDA-MB- 231 cells.

4.1.1.3. Selectivity for sensing of copper and creatinine from aqueous solution

The interference of various molecules such as manganese (Mn),
lead(Pb),potassium (K), urea, uric acid, glucose, magnesium (Mg), calcium
(Ca),sodium(Na), cholesterol, etc. was tested while sensing the presence of creatinine
and copperusing PAQd. For this, 1 mg/mL of the above molecules in aqueous
solution were added to 0.01 mg/mL of PAQd, separately. Emission peaks at 446 nm

and 531 nm were recorded and plotted separately (Figure 21).
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Figure 21: a) Selectivity of creatinine at 446 nm emission b) Selectivity of copper at 531 nm
emission.
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None of the above analytes have significantinterferenceon the fluorescence
signal, and hence PAQdwas found to be highly selective for the detection of
creatinine and copper.
4.1.1.4. Simultaneous detection of Cu and creatinine (non-interference with each
other)

To see whether the analytes of the study, vizcopper, and creatinine interfere
with each other, the zeta potential of the sensor, PAQd, along with different
concentrations of the analytes,was studied. It wasfound that as the concentration of
copper and creatinine increases, zeta potential value decreases. In the case of
creatinine, the difference in the zeta potential was very less. Still, in the case of
copper, the decrease is very drastic and approaches zero, but never attained zero even
for very high concentrations. When creatinine was added to the copper rich solution
of PAQd, the zeta potential value increases (Figure 22a).Transmission electron
micrograph (TEM)images were taken for explaining its mechanism. The TEM
images of creatinine incubated probe showed well-dispersed particles (Figure 22b),
where an increase in fluorescence was observed. In contrast, the copper incubated
system showed an aggregationin TEM images, where the fluorescence quenching

was observed (Figure 22c).

a

Figure 22: a) Zeta potential of Qd, PAQd, and different concentrations of copper and
creatinine, TEM image-b) PAQ after creatinine incubation, and c) copper incubated
PAQd.
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4.1.2. Cadmium selenide quantum dots for the detection of lead and zinc
Cadmium selenide nanoparticles capped with glutathione was used for the

detection of metals- lead and zinc. Glutathione capped quantum dot was used for the

detection of lead.It was further functionalised with sulfamethoxazole( antibiotic) for

zinc sensing.

4.1.2.1. Synthesis of glutathione capped cadmium selenide quantum dots (GQd)

and its characterisation

GQd was prepared by treating cadmium chloride and selenium stock using
glutathione as a capping agent (3.2.1). GQd prepared was characterised using
different techniques such as UV, fluorescence, and FTIR spectroscopies. UV visible
spectrum of GQdwas shown in figure23a;shows a characteristic absorption peak at
435nm. The TEM image of GQd showed a well-dispersed particle with a size of
~6+1 nm (Figure 23b).
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Figure 23: a) Absorbance spectrum of GQd, b) TEM images of GQd and c) emission
(Aex 420 nm) spectrum of GQd.

GQd shows an emission maximum at 680 nmfor an excitation wavelength of
420 nm (Figure 23c). The formation ofGQdwas confirmed by FT-IR spectroscopy
(Figure 24); the absence of the S-H peak of glutathione at 2509 cm™ in the spectrum
of GQd indicates thatthe same was formed through S-M (metal) bond. Also, the
absence of carboxylic bands in GQd suggests the participation of the same in the

formation of GQd.
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Figure 24: FT-IR Spectra of GSH and GQd.

4.1.2.2.Detection of lead ion

Different concentrations of lead ion (picomolar to millimolar) were incubated
30s with 1 mg/mL of GQd. Fluorescence intensity at 680 nm was noted, and a
concentration depended quenching was observed(Figure 25), indicating GQds use as

an excellent sensor for the lead ions.
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Figure 25: Decrease in fluorescence intensity as the concentration of lead increases.



4.1.2.3.The selectivity of lead ion

Different analytessuch as dopamine, cysteine, zinc, copper, sodium
borohydride, hydrogen peroxide, and ascorbic acid (all 1ImM concentration)were
incubated in Img/mL of GQdsolution. Emission at 680 nm was noted for every
sample; no significant changes were observed (Figure 26) except lead, proving GQd

selectivity towards lead ion.
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Figure 26: Selectivity of GQd on lead over other analytes.

4.1.2.4. Size and zeta potential analysis
Zeta potential of GQd and different concentrations of lead incubated GQd
was noted. It was found that as the concentration of lead increases, zeta potential
value decreases (Figure 27a). But the size of the sample increased with increasing

concentration of the lead ion.
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Figure 27: a) Zeta potential of GQd and different concentrations of lead incubated
GQd, and b) Size analysis of Qd and different concentrations of lead incubated GQd.

4.1.2.5.Functionalisation of GQd with sulfamethoxazole and its characterisation
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Figure 28: a) UV-Visible absorption spectrum of sulfamethoxazole (SM), GQd, and
SMGQd and b) TEM image of SMGQd c) Emission spectrum of SMGQd (Aex=420
nm).

GQd was functionalised with sulfamethoxazole for designing the zinc sensor,

SMGQd. As an initial attempt to study the optical property, its UV-visible spectrum
was recorded (Figure 28a), which shows a peak at 396 nm corresponding to that of
GQd. A peak at250 nm was observed forsulfamethoxazole and the presence of the
same in SMGQd confirms its conjugation. SMGQd shows emission at 586 nm, for
420 nm excitation (Figure 28c).

FT-IR spectra confirmed the functionalisation of sulfamethoxazole over
GQd. The peak at 1458 cm™ indicates the presence of an amide group, and peakat
1121 cm*shows S=0 peak of sulfamethoxazole (Figure 29) in SMGQd.
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Figure 29: FT-IR spectra of GQd and SMGQd.
4.1.2.6.Detection of zinc from aqueous medium

Different concentrations (nM to mM) of zinc were added to solution
containingl mg/mL of SMGQd for 2 minutes. Fluorescence intensity was recorded at
420 nm excitation. A concentration-dependent enhancement in the fluorescence

intensity at 586nm was observed (Figure 30).
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Figure 30: Fluorescence emission spectra cff SI\)/IGQ, fliuorescence intensity enhances
as the concentration of zinc increases.
4.1.2.7.Selectivity of zinc over other analytes
The selectivity of SMGQd for sensing of zinc was ascertained in the presence
of different analytes such as calcium, iron, manganese, magnesium, lead, and
cadmium. 1mM of analytes added to 1 mg/mL of SMGQd, and themajority of the

analytes didn’t show any significant change in fluorescence intensity at 586 nm
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emission. However, lead and cadmium showed a variation in the fluorescence
intensity, but was less prominent compared to zinc(Figure 31).
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Figure 31: Selectivity of zinc over other analytes.
4.1.2.8.Size and zeta potential analysis
The results of size and zeta potential analysis are shown in Figure 32a& b. As
concentration of zinc increases its zeta potential value and size are found to decrease
(Figures32a&32b).
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Figure 32: a) Zeta potential of SMGQd and different concentration of zinc incubated
SMGQ b) Size of SMGQd and different concentrations of zinc added SMGQd.
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4.2. Cysteine gold cluster for the detection of dopamine and cellular

imaging

Cysteine is a water-soluble amino acid, and it is used for the synthesis of
different nanoparticles. Here,it is used as a capping agent for the synthesis of gold
cluster.

4.2.1. Synthesis and characterisation of cysteine cluster (AuC)

Chloroauric acid and cysteine were used to prepare gold cluster (3.3.2).
Sodium borohydride asthe reducing agent andsodium hydroxide provided thebasic
medium for the reaction mixture.Different batches of synthesis were carried out for
optimizing the synthesis of the gold cluster. Different concentrations of chloroauric
acid, cysteine, sodium borohydride, and sodium hydroxide weretried. Also, the
synthesis was optimized by changing the pH of the solution.

As gold clusters have characteristic UV-visible absorption spectra, we utilized this
parameter for optimizing the synthesis protocol to get the most suitable cluster for

the use. UV-visible absorption spectraof the samples from different batches are

shown in Figure 33 a-e.
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Figure 33: UV-visible absorption spectra of gold cluster synthesized with different
concentrations of a) cysteine b) HAuCl, ¢) NaOH and d) NaBH,; e) cluster
synthesized at different pH.
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Change in concentrations of cysteine and HAuCl, in the reaction mixture
resulted in UV-visible absorption spectra similar tosystems that have different shape
compared with typical gold cluster spectra. With change in concentrations of sodium
borohydride and sodium hydroxide, the spectra indicated different sized clusters
(Figure 33 ¢ & d). On changing the pH of the reaction mixture, acidic and neutral pH
do not show any cluster formation. But in the case of the basic pH cluster, the
formation was observed (Figure 33 e) as seen by the characteristic UV- visible
absorption spectra of clusters.

From the above clusters, the most suitable one, which showed the
characteristic absorption spectra, was chosen. Figure 34a shows the absorption
spectrum of optimized gold cluster. The optimized cluster(AuC)was synthesized with
1 mL of 1 mM cysteine& 2 mL of 2.5 mM HAuCl,at basic pH. It showed emission
at 606 nm for 400 nm excitation (Figure 34 b).
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Figure 34:a) Absorption and b)emission spectra of AuC.

FT-IR spectra of cysteine and AuC were recorded to confirm the formation of
AuC. It was found that carboxylic peaks were absent in AuC spectrum (Figure 35).
The peak at 1629 cm™ indicates the presence of an amine group in the AuC,

suggesting that cysteine act as a chelating molecule for AuC.
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Figure35: FT-IR spectra of AuC and cysteine.

Transmission electron micrographic images showedAuCwith a size of less

than 1.7nm(Figure 36b).MALDI-MS shows complete fragmentation (Figure 36a)of

the gold cluster.
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Figure 36:a) MALDI-MS of AuC and b) TEM image of AuC.
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4.2.2. Sensing of dopamine using cysteine gold cluster

Cysteine stabilized gold cluster was used for the sensing of dopamine by
spikingdifferent concentrations of dopamine to the sensor solution. A concentration-
based increase in fluorescence was observed for the peak at 606 nm (Figure 37a).The
selectivity of AuC was checked for dopamine over other biologically relevant

molecules such as urea, uric acid, sodium borohydride, ascorbic acid, etc.
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Figure 37: a) Increase in fluorescence intensity with an increase in dopamine
concentration b) Selectivity of cysteine gold cluster on dopamine detection.

On finding the sensing possibility of dopamine in aqueous solution,
dopamine sensing was attempted in live cells. Dopamine is a neurotransmitter, and it
is usually seen in brain cells. Hence the detection of dopamine was tested using C6
brain cells. The presence of dopamine was evaluated after incubating with different
concentrations of dopamineinAuC (1 mg/mL) for30 s inC6 cells. The fluorescence
emission from the cysteine cluster facilitated the microscopic imaging of the cells
when different concentrations of dopamine were added(Figure 38a). As the
concentration of dopamine increases, showed an enhanced fluorescence intensity. It
is also evident from the fluorescence intensity scale reading (Figure 38b). Herein,
AuC not only takes part in sensing application but also contribute to the microscopic

imaging of the cells.
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Figure 38:a) Fluorescence microscopic images of C6 cells incubated with dopamine
in femtomolar concentration (fM), b) Gary scale reading of dopamine incubated cells
with control.

4.2.3. Size and zeta potential analysis
Size and zeta potential analysis of AuC and dopamine incubated AuC showed
that as the concentration of dopamine increases, both size and zeta potential

decreases (Figure 39a &b).
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Figure 39: a) Size analysis of AuC and different concentrations of dopamine
incubated AuC and Db) zeta potential of AuC and different concentrations of
dopamine incubated AuC.

4.2.4. In vitro imaging of different cell lines using cysteine gold cluster
Before performing in vitro imaging, we have checked the in vitro cytotoxicity
of AuC in L929 and HeLa cells using standard MTT assay(Figure 40).
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Figure 40: Cytotoxicity of cysteine gold cluster in L929 and HelLa cells.

At lower concentrations,thecells were completely viable and showed more
than 50% cellular viability at a higher concentration of 12.8 mg/mL in the case of
L929 fibroblasts cells. At lower concentrations, the cell viability was much higher or
even 100%.HeLa cells also showed similar results to that of L929. This data
confirms that AuC is a safe candidate that can be used in cellular studies.

The red-emittingAuC facilitated the cellular imaging without the addition of
highly toxic extra dyes in L929 and HeLa cells. The cells with AuC shows good
imaging capacity within 3h of incubation compared to the control cells. This result
also an indication of the passive cellular uptake of the material in both L929 and
HelLa cells (Figure 41).
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Figure 41: Imaging of cells using AuC.

4.3.Fluorescent multifunctional gold based system for imaging and

therapy

Gold nanorod is the most studied anisotropic system, which is used in
biomedical applications. It has two surface plasmon bands from longitudinal and
transverse absorption. This longitudinal-NIR absorption makes it a suitable candidate
for photothermal therapy by heat generation. In this section therapeutic efficacy of
GNR (photothermal therapy) along with other therapeutic strategies (chemotherapy
& photodynamic therapy) were studied. It consists of two parts;1. imaging and
photo-chemo therapy and 2.imaging, photothermal and photodynamic therapeutic
approaches. In both parts, folic acid was used as a targeting agent to targ