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ABSTRACT

The discovery of fluorescent nanomaterials has been an important breakthrough in the ever
expanding field of nanotechnology. With remarkable optical and chemical properties,
fluorescent nanomaterials have been perceived as potential substitutes for organic dyes. Their
exciting properties make them one of the most useful tools that chemistry has produced for
biological purposes. Nanosized carbon dots (C-dots) have been the latest addition to the family
of fluorescent nanomaterials which have enormous potential for application in diverse fields,
ranging from analytical to biomedical. Besides, the versatile nature of C-dots can be exploited
for creating multifunctional nanomaterials by combining them with drugs or nanoparticles.
Such materials combine the therapeutic and imaging aspects in one entity for implementing
multimodal functionality in biomedical applications. Hence, this thesis presents unique
synthetic schemes for producing strongly fluorescent C-dots which have been further evaluated
for their prospective applications. Furthermore, the development of C-dots based
metal/hydrogel multimodal hybrid assemblies for anticancer and antioxidant applications has

also been explored.

In Chapters 1-3, introduction, literature review and experimental procedures have been
elucidated. In chapter 4, a unique approach has been devised, wherein, polyethylene glycol
(PEG) and polyethyleneimine (PEI) passivated C-dots have been synthesized by one-step
hydrothermal carbonization of chitosan. A comparative analysis of physicochemical and
bioimaging properties of PEI based C-dots (CD-PEI) and PEG based C-dots (CD-PEG) was
carried out. Further, the role of surface functionality was evaluated to gain an insight into the

bioimaging efficiency of CD-PEI compared to CD-PEG.

In chapter 5, another interesting approach for synthesizing C-dots through green synthetic route
was adopted. To this end, one-step hydrothermal treatment of coriander leaves was performed
for preparing self passivated C-dots, without the aid of auxiliary passivating agent. These
C-dots were further used as a fluorescence probe for sensitive and selective detection of Fe**
ions. Eventually, the bioimaging and antioxidant potential of C-dots was evaluated through a
variety of analytical assays. Therefore, the practicality of C-dots obtained from a herbal carbon

source for versatile applications was validated.

In chapter 6, cerium oxide (CeO,) based nanocomposite (NC) integrating fluorescent C-dots

were synthesized by hydrothermal method. The antioxidant potency of CDs-CeO, NC was
iii



evaluated in NIH3T3 fibroblast cells treated with H,O,, a major reactive oxygen species (ROS)
responsible for oxidative stress. Tracking the intracellular fluorescence of CDs-CeO, NC by
microscopy and flow cytometry made it possible to examine the capabilities of CeO, for

abatement of H,O,-mediated oxidative stress, whilst monitoring their uptake.

C-dots based metal NCs constitute fascinating imaging and therapeutic tools for anticancer
applications. In chapter 7, C-dots were integrated with silver@zinc oxide to form
CD-Ag@ZnO NC. Accordingly, the ability of CD-Ag@ZnO NC in tracking the cellular uptake
and mediating apoptotic effects was demonstrated against MCF-7 (breast cancer) and A549
(lung cancer) cells. By monitoring the green fluorescence emission of CDs, the cellular uptake
and distribution of the CD-Ag@2ZnO NC could be ascertained. Moreover, apoptosis induction
in cancer cells treated with CD-Ag@ZnO NC was validated through morphological,

biochemical and molecular studies.

Multifunctional hydrogels offer a seemingly efficient system for delivery of drugs and
bioimaging modalities. In chapter 8, chitosan based hydrogel formulation composed of highly
fluorescent C-dots and loaded with an anticancer drug, 5-Fluorouracil (5-FU) was realized to
form 5-FU@CD-HY. Multifunctional aspects of 5-FU@CD-HY in monitoring the cellular
uptake and inflicting apoptosis were revealed by in vitro studies on A549 cells. Green
fluorescence of CDs in 5-FU@CD-HY aided the qualitative and quantitative assessment of
cellular uptake. Additionally, the fluorescence of CDs could be used to detect apoptosis
instigated by 5-FU. Induction of apoptosis in 5-FU@CD-HY treated cells was evidenced by
changes in cell cycle distributions, visualization of characteristic apoptotic bodies through

FE-SEM and apoptotic gene expression studies.

Keywords: C-dots, chitosan, hydrothermal, bioimaging, coriander, antioxidant, anticancer,

nanocomposites, apoptosis, cerium oxide, reactive oxygen species, hydrogels.
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INTRODUCTION

This chapter gives a brief introduction to the fluorescent
nanoparticles theme that is primarily focussed on C-dots
and their multimodal applications. The chapter also
includes the objectives, significance and organization

of the thesis.



CHAPTER 1

INTRODUCTION

Nanotechnology has been one of the cutting edge technologies in the last decade which adopts
a pragmatic approach in designing nanomaterials for biomedical applications by combining
physics, chemistry, materials science and biology. Intriguing size-dependent physical and
chemical properties of nanoparticles have prompted the researchers to discover their
prospective applications in various fields (Feynman, 1991). Nanoparticles ranging from a few
to less than hundred nanometers with size comparable to DNA, protein, lipid and cell
organelles have been fascinating because of their abilities to overcome cellular barriers and can
easily penetrate into the cells (Salata, 2004, Silva, 2004 and Whitesides, 2005). Additionally,
the interactions of nanomaterials with biological entities are critical from application point of
view which requires understanding at both cellular and molecular levels, thus allowing the
integration of nanotechnology and biology. In the field of medicine, nanomaterials have been
used as effective tools to facilitate drug/gene delivery, fluorescence labelling, hyperthermia and
magnetic resonance imaging (MRI) applications. Nanomaterials possess the desired
competence to improve the current diagnosis and therapeutic schemes for a variety of human
diseases. Numerous types of organic or inorganic nanomaterials such as carbon nanotubes,
Ceo fullerenes, graphene, iron oxide nanoparticles, gold nanoshells, quantum dots, polymers,
liposomes, dendrimers have been actively pursued for a wide spectrum of biomedical
applications (Corr et al., 2008, Gao et al., 2009, Bhardwaj et al., 2009, Koninti et al., 2014,
Chaudhary et al., 2015 and Deka et al., 2016). Such nanoscale materials confer noteworthy
advantages over conventional approaches in terms of improved cellular imaging, sensitivity and
drug release kinetics (Parveen et al., 2012). With continued efforts in the field of nanomaterials
synthesis and applications, a paradigm shift towards the development of multifunctional
nanomaterials has been encountered. The strategy combines diagnostic tools (i.e. imaging) with
therapeutic regimen (i.e. drug delivery) on a single platform to perform more than one function
simultaneously (Kelkar et al., 2011). Consequently, these nanomaterials have revolutionized
the field of healthcare applications, especially cancer diagnosis or therapy (Janib et al., 2010,

Gopinath et al., 2014 and Gavvala et al., 2015). Engineering such multimodal systems can
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enable real-time monitoring of cellular uptake, controlled release of drug and subsequent
examination of cellular changes in response to drug (Ueno et al., 2011).

Fluorescence is a type of luminescence associated with fluorophores. In this process, a
fluorophore absorbs light at a particular wavelength and subsequently emits light of longer
wavelength having an energy corresponding to the difference in energy levels between ground
and the excited states (Lakowicz, 1999). Fluorescent labels constitute one of the rapidly
developing areas with applications in the field of biology and analytical chemistry (Dubertret et
al., 2002, Frasco, 2009, Petryayeva et al., 2013, Hussain et al., 2015, Goutam et al., 2015 and
Malik et al., 2015). Representative fluorescence parameters such as excitation/emission
spectrum, quantum vyield and fluorescence lifetime forms the basis of evaluating the spectral
properties of the fluorophores in addition to interpreting small changes in their local
environment (eg. pH, interacting ions, solvent polarity etc.). Fluorescence microscopy has been
one of the powerful imaging techniques for studying a variety of phenomenon in cellular
biology by monitoring the distribution of fluorophores. Fluorescence imaging has attracted
significant interest because the technique is versatile, selective and has good contrast sensitivity
(Wang et al., 2006). Imaging of biological matter using fluorescent labels is referred to as
bioimaging which forms a realm of its own. Bioimaging based on fluorophores can be
categorized into four types: (1) Fluorophores internalized in cellular compartments to make
them fluorescent and hence image them. (2) Surface functionalization of fluorophores with
receptors, ligands, proteins or oligomers for specific recognition, targeting and imaging of
cellular components. (3) Utilization of fluorophores with sensing abilities for imaging non
fluorescent biochemical species (eg. pH values, ions, free radicals in living cells). (4)
Incorporation of fluorophores in multifunctional systems to track their uptake inside the cells
under various physiological conditions, which is especially relevant for nanomedicine-based
delivery systems (Wolfbeis, 2015).

Traditional classes of fluorescence labelling agents include organic dyes (fluorescein, cynein),
fluorescent proteins and lanthanide chelates (Shimomura et al., 1962, Yu et al., 1994,
Elbanowski et al., 1996, Chetia et al., 2014, Saha et al., 2014, Rurup et al., 2014 and Dar et al.,
2015). However, these agents have some inherent drawbacks such as limited aqueous
solubility, short stokes shift, low absorption coefficients, less photostability and poor
photobleaching threshold. All these limitations reduce their sensitivity and hinder their use for
long-term tracking. Fluorescence nanomaterials have been developed and primed to study

fluorescence at nanoscale, with applications ranging from sensing to imaging (Wang et al.,
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2006, Ruedas-Rama, et al. 2012 and Wolfbeis, 2015). As a new class of fluorescent labels,
these nanoparticles have been gaining popularity in comparison to classical fluorescent agents
on the basis of their superior properties. Nanometer size of the particles entails high signal to
noise ratio, thereby improving the analytical sensitivity and accuracy. Additionally, their
molecular size downplays the physical perturbation of living cells and renders high spatial
resolution for imaging purposes. Moreover, fluorescent nanoparticles possess unique optical
properties such as enhanced photostability, high brightness, size-dependent emission and large
stokes shift.

Recent advances in the field of nanotechnology witnessed the design of significant numbers of
fluorescent chemical and biological nanoprobes. In line with this, fluorescent nanoparticles
were primarily used as substitutes for organic dyes intended for imaging cells, bacteria and
cellular organelles (Chen et al., 2004, Nandi et al., 2015 and Ritenberg et al., 2016) or
development of sensing systems (Pylaev et al., 2011, Kong et al., 2012 and Nie et al., 2014).
Fluorescent nanoparticles that have been explored so far for their biomedical applications
include quantum dots, aggregation-induced emission-based-fluorescent nanoparticles, silicon
dots, carbogenic nanomaterials and metal nanoclusters (Ag, Au, Cu) (Warner et al., 2005, Sun
et al., 2006, Zrazhevskiy et al., 2010, Zhang et al., 2014b, Wang et al., 2014f, Ghosh et al.,
2015 and Khlebtsov et al., 2015). Few of such nanoparticles are already under clinical trials.
Although efficient, some concerns have been voiced about the use of metal-based fluorescence
nanoparticles. Discovery of Quantum dots (QDs) is considered one of the important milestones
in the field of fluorescent nanoparticles. However, a good number of studies have demonstrated
the potential hazards of heavy metal-based QDs. Toxicity of QDs depends on multiple factors:
size, charge and surface capping materials (Hardman, 2006 and Yong et al., 2013). Release of
heavy metal ions has been implicated for the toxicity of cadmium-based QDs. Similarly, the
underlying toxicity mechanisms of QDs have been proposed in terms of generation of reactive
oxygen species (ROS), reduction in cell number and induction of apoptosis (Chen et al.,
2012Db). Furthermore, several other factors like intricate synthesis, difficult surface conjugation
and photo-oxidation limits their use. Further, carbogenic fluorescent nanoparticles such as
carbon nanotubes (CNTSs), carbon dots (C-dots) and graphene quantum dots (GQDs) having
similar application prospects as QDs, but with lesser toxicological issues have been explored.
Single-walled and multi-walled CNTs are fluorescent in the NIR range (800-1600 nm) but
posses lower quantum vyield. This emission wavelength is attractive for in vivo fluorescence

imaging since it lies in the tissue-transparent region of the electromagnetic spectrum.
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Genetically engineered multifunctional M13 phages were shown to assemble single-walled
CNTs and ligands for targeted fluorescence imaging of tumors (Yi et al., 2012).

Ever since the discovery of C-dots in 2004, remarkable efforts have been done for exploring
their synthetic modes and subsequent applications in diverse fields. In recent times, C-dots
have been one of the forefront areas of nanotechnology owing to ease of synthesis, low cost of
production, simple instrumentation and ample source availability. This provides an opportunity
to create new and fundamentally different approaches for synthesizing C-dots, amenable to
commercial production. Nevertheless, there is a need to build a rapid, economically effective
and green synthetic route with precise control of size distributions to produce strongly
fluorescent C-dots for practical applications. Similar to C-dots, GQDs have also attracted lot of
interest on account of their fascinating optical and electronic properties. GQDs are zero
dimensional nanomaterials which are obtained from one dimensional graphene sheets and
exhibit pronounced quantum confinement and edge effects (Pan et al., 2010). GQDs consist of
a large conjugated domain and regular structure, exhibiting excellent performance of graphene.
Although GQDs are considered as a kind of C-dots, there are certain differences between the
two. GQDs have graphitic lattice structure, whereas C-dots can exist in amorphous or
crystalline state (Baker et al., 2010 and Li et al., 2013c). Besides, GQDs are composed of
graphene sheets with lateral dimensions less than 100 nm in single-, double- and few- (3 to
<10) layers, while C-dots are discrete, quasi-spherical carbon nanoparticles with sizes usually
below 10 nm (Ponomarenko et al., 2008 and Lim et al., 2015). The unique features of C-dots
such as excellent optical properties, ease of surface functionalization, good biocompatibility,
high aqueous solubility and ultra small size endorse their candidature for a host of biomedical
applications. In this perspective, C-dots have been employed for bioimaging, as a nanocarrier
for drugs/genes/enzymes, biosensing and theranostics (Ding et al., 2014, Wang et al., 2014e,
Zhang et al., 2015 and Zuo et al., 2016). C-dots mainly emit in green or blue spectral region,
where autofluorescence of the biological tissues is significant, which limits its scope for
imaging purposes. Recently, there have been few reports on production of C-dots which emit at
longer wavelengths. Orange emissive C-dots were realized through conjugated sp2-domain
controlling and surface charges engineering, while red emitting C-dots were synthesized
through simple changes in the surface compositions rather than the particle size (Hu et al.,
2015, Ding et al., 2016 and Qu et al., 2016). Alternatively, multicolour C-dots with excitation
tunable fluorescence emission in the entire visible spectrum could be considered as apposite
candidates for bioimaging (Liu et al., 2011, Wang et al., 2011, Luo et al., 2013, Li et al., 2013a
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and Mehta et al., 2014). This provides the luxury of selecting the fluorescence emission colour
of C-dots which seems to be tailor-made for their different biomedical applications.

Nanocomposites of C-dots with metal nanoparticles or polymeric systems have opened up new
avenues for creating multifunctional C-dots-based materials. In fact, designing of such hybrid
assemblies has enabled the exploitation of optical properties of C-dots beyond the conventional
applications. The study of C-dots-based metal nanocomposites is a relatively new, yet exciting
area of research. However, the luminescent properties of C-dots can be affected by the metal
nanoparticles as a result of photo-induced electron transfer or aggregation of the C-dots (Li et
al., 2011a, Luo et al., 2012 and Wang et al., 2014c). Therefore, the challenge is to combine
C-dots with metal nanoparticles so that the nanocomposite retains the fluorescence. There are
plenty of examples wherein nanocomposites of C-dots with various metals (Ag, Au, Fe) have
been used for biomedical, catalytic, surface-enhanced Raman spectrometry and fluorescence-
based sensing applications (Yu et al., 2012, Kleinauskas et al., 2013, Qin et al., 2013a, Mao et
al., 2014, Mondal et al., 2014 and Bhunia 2016b). Currently the development of C-dots-based
multifunctional materials is still in its infancy, necessitating intensive research for realizing
their biomedical applications, in particular. In this thesis, facile synthetic regimes have been
worked upon to produce strongly fluorescent C-dots for imaging and sensing applications.
Further, C-dots-based hybrid assemblies have been formulated by combining them with
therapeutic modalities through a holistic approach. Multifunctional aspects of such materials

have been evaluated using appropriate in vitro model systems.

1.1 Objectives
The key objectives of the present work are as follows:
» Investigation of physicochemical and bioimaging properties of surface tailored C-dots.
> Development of a green synthetic approach for production of C-dots from natural
molecular precursors for versatile applications.
» To synthesize C-dots-cerium oxide nanocomposite for synchronous bioimaging and
antioxidant activity.
» Formulation of C-dots-silver@zinc oxide nanocomposite for in situ imaging and
therapeutic purposes.
» To design C-dots integrated polymeric hydrogels as a nanocarrier for delivery of

chemotherapeutic drug for cancer theranostic applications.
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1.2 Significance of the present study
The salient features of the present study have been outlined below:

> A unigue one-pot method for synthesizing surface functionalized C-dots using different
polymeric passivating agents (PEI/PEG) by hydrothermal carbonization of chitosan.

» This is the first instance, wherein the effect of positive and negative charged surface
passivation agents on bioimaging efficiencies of C-dots has been addressed using
BHK-21 (normal) and A549 (cancer) cell lines.

» Green synthesis of self-passivated C-dots by one-step hydrothermal treatment of
coriander leaves.

» Determination of antioxidant activity of as-synthesized C-dots.

» These C-dots were employed as fluorescence nanoprobes for sensitive and selective ion
detection.

» Qualitative as well as quantitative analysis of bioimaging potential of C-dots through
fluorescence microscopy and flow cytometry.

» A hydrothermal mediated approach for synthesis of C-dots-cerium oxide
nanocomposites.

> Interaction of these nanocomposites with hydrogen peroxide (H20,), a major reactive
oxygen species responsible for oxidative stress has been studied by monitoring the
change in fluorescence intensity.

» A distinctive approach based on sensing of fluorescence signal of C-dots in C-dots-
cerium oxide nanocomposites by flow cytometry has been worked out to evaluate the
H,0O, mediated oxidative stress in cells.

» Ability of C-dots-cerium oxide nanocomposites in preventing the H,O, mediated
oxidative stress in cells has also been elucidated.

> Novel, dual functional C-dots-silver@ zinc oxide nanocomposites were synthesized for
monitoring the cellular uptake and induction of apoptosis in cancer cells.

» Comparative analysis of cellular uptake and apoptotic potential of C-dots-silver@ zinc
oxide nanocomposite was performed using cancer cells such as A549 (lung cancer) and
MCF-7 (breast cancer).

» C-dots were integrated to chitosan hydrogels and loaded with an anticancer drug,
5-Fluorouracil to formulate a multifunctional hybrid assembly (5-FU@CD-HY) for
cancer theranostics.

» S5-FU@CD-HY exhibited superior functional properties such as intact fluorescence,
higher surface area, good mechanical strength, swelling behaviour and pH dependent

drug release.
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» These hybrids themselves served as a nanotheranostic system to track the intracellular
distribution and apoptotic effects of the anticancer drug such as 5-FU.

> Apoptosis evoking ability of the released 5-FU was examined through morphological,
cell cycle and nuclear analysis.

» The apoptotic mechanism was then established through gene expression analysis.

1.3 Organisation of thesis

This thesis presents an organized compilation of the research work performed over the years. In
this regard, the thesis has been divided into nine chapters. Chapter 1 presents an introduction to
the fluorescent nanoparticles theme that is primarily focussed on C-dots and their multimodal
applications, followed by precise objectives and significance of the work undertaken. Relevant
to the work, an updated literature review on C-dots synthesis and its applications, metal-based
nanoparticles and hydrogels has been summarized in chapter 2. a detailed account of
experimental procedures has been provided in chapter 3. In chapter 4, a comparative analysis of
the physicochemical and bioimaging properties of PEI/PEG surface functionalized C-dots has
been done. Chapter 5 describes the green synthesis of C-dots from coriander leaves and their
potential applications as antioxidants, sensors and bioimaging agents. Chapter 6 deals with the
synthesis of C-dots-cerium oxide nanocomposites and their prospective application for
monitoring as well as scavenging reactive oxygen species in fibroblast cells. Chapter 7
illustrates the formation of dual functional C-dots-silver@zinc oxide nanocomposites for
simultaneous evaluation of cellular uptake and apoptosis induction in cancer cells. Chapter 8
elucidates the construction of a chitosan hydrogel-based hybrid assembly involving the
inclusion of the synthesized C-dots and 5-Fluorouracil for cancer theranostics. Finally, the

concluding remarks and the future scope of the present work have been discussed in chapter 9.
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This chapter provides an updated literature review on
C-dots synthesis and its applications. The chapter also
discusses various metal-based nanoparticles and hydrogels

relevant to the thesis.
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LITERATURE REVIEW

2.1 Carbon dots (C-dots)

Carbon is generally a black material with low solubility and no fluorescence. As the size of the
material decreases, the properties begin to change. Consequently, nanosized carbon has
strikingly different properties compared to bulk carbon. The existence of C-dots came to light
when researchers were trying to purify single-walled carbon nanotubes (SWCNTSs) through
preparative electrophoresis in 2004. Accidently, they observed a fast-moving band of highly
luminescent carbonaceous material which was certainly not the SWCNTSs (Xu et al., 2004). The
first complete study regarding the origin and fluorescence of C-dots was provided by Sun’s
group (Sun et al. 2006). They employed oligomeric species for rendering effective passivation
of the dot’s surface, resulting in bright fluorescence emissions. C-dots are the newly discovered
fluorescent, zero dimensional nanomaterials that constitute a class of nanocarbon family with
quasispherical shape and sizes below 10 nm. They contain an amorphous or nanocrystalline
cores with primarily sp? hybridized turbidostatic or graphitic carbon (Baker et al., 2010 and Li
et al.,, 2012a). In addition to carbon, C-dots contain substantial fractions of oxygen and
hydrogen due to which these are sometimes referred to as ‘carbogenic dots’ (Bourlinos et al.,
2008 and Peng et al., 2009). With the advancements in the field of C-dots research, their
fluorescence emission in particular has been generating interest for various applications.
Semiconductor quantum dots (QDs) and C-dots share similar optical and physical properties
with overlapping area of application (Zrazhevskiy et al., 2010 and Petryayeva et al., 2013).
However, QDs have a heavy metal core (CdSe, CdTe) and are usually synthesized in organic-
phase system by complex methodologies which limit their applicability on account of toxicity
and high cost (Tagit et al., 2009, Blum et al., 2011, Stopel et al., 2013 and Chauhan et al.,
2014). Contrastingly, C-dots exhibit some remarkable features in terms of being
environmentally and biologically benign, high aqueous solubility, colloidal stability, chemical
inertness and readily surface functionalization. What’s more heartening is the fact that C-dots
can be synthesized in a cost effective manner through numerous simple approaches with
sufficiently high yield. Therefore, C-dots are gaining grounds for biological applications and
emerging as the most sought after alternative to QDs for similar fluorescence related
applications. In fact, the competitive performance of C-dots in comparison with QDs for
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bioimaging applications has also been studied (Cao et al., 2012 and Fang et al., 2012).
Typically, C-dots display some unique properties which have been outlined in Fig. 2.1. With
their additional distinctive features such as ease of bioconjugation, resistance to photobleaching
and stability under physiological conditions, C-dots have been utilized for a host of prospective
biological applications including bioimaging, biosensing, photodynamic therapy and drug
delivery (Luo et al., 2013 and Zhang et al., 2015). Moreover, the fluorescence of C-dots can be
quenched by photoinduced electron transfer processes, enabling their use for different

analytical applications (Zuo et al., 2016). Multifunctional features of C-dots enable their use for

a host of prospective applications as illustrated in Fig. 2.2.
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2.2 Synthetic methods for C-dots

The synthetic approaches for C-dots can be categorized into two main groups: top-down and
bottom-up. Top-down approaches include arc discharge, electrochemical and laser ablation
which involve the breakdown of chunks of carbon structure, which are quite complicated
processes and require energy-consuming devices. In comparison, the bottom-up approaches are
inexpensive and involve the synthesis of C-dots from molecular precursors by means of
chemical reactions through microwave and combustion/chemical oxidation/thermal treatments
(Baker et al., 2010).

2.2.1 Arc discharge

During the purification of SWCNTs derived from the arc discharge soot, Xu et al., 2004
discovered the C-dots for the first time. The arc-discharge soot was reacted with 3.3 N nitric
acid for introduction of carboxyl groups to impart hydrophilicity. Sediment was then extracted
with sodium hydroxide to obtain a black suspension which was further separated by gel

electrophoresis. This resulted in fraction of C-dots with size dependent emission properties.

2.2.2 Electrochemical synthesis

Zhou et al., 2007 produced C-dots by electrochemical oxidation of multiwalled carbon
nanotubes (MWCNTSs) grown on carbon paper. An electrochemical cell consisting of
MWCNTs as working electrode was immersed in an electrolyte solution of degassed
acetonitrile containing 0.1M tetrabutylammonium perchlorate. Cycling applied potential
resulted in change in colour of solution from yellow to dark brown, indicating the formation of
C-dots. Various carbon nanomaterials, including C-dots were fabricated from high purity
graphite rods by ionic liquid mediated exfoliation process. By changing the water/ionic liquid
ratio, the C-dots production efficiency could be increased (Lu et. al., 2009). Zheng et al., 2009
demonstrated synthesis of C-dots by an electrochemical assembly consisting of graphite rod as

working electrode with Pt mesh as counter electrode inserted in a phosphate buffer solution.

2.2.3 Laser ablation

This method of synthesis is based on laser assisted irradiation of carbon target in liquid. Sun
et al., 2006 performed laser ablation of carbon target composed of a mixture of graphite powder
and cement under the flow of argon gas. The obtained nanosized carbon aggregates were non-
fluorescent. Further, the sample was refluxed with nitric acid solution for 12 h and finally
surface passivated by diamine-terminated poly(ethylene glycol) (PEG1500N) or
poly(propionylethylenimine-co-ethylenimine) (PPEI-EI) to produce strongly photoluminescent
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C-dots. Hu et al., 2011 reported an efficient method for in situ synthesis and passivation of
C-dots. In this method, graphitic flakes were dispersed in PEG 1500N by ultrasonication. A
pulsed Nd:YAG laser mediated irradiation produced a black suspension which was
subsequently centrifuged to obtain supernatant containing fluorescent C-dots. C-dots
synthesized by laser irradiation usually have a broad size distribution and larger particles are
washed away during subsequent processing steps. Hence, the yields of C-dots are generally low

which hinders their utilization for various applications.

2.2.4 Microwave assisted synthesis

Microwave technique has been one of the most preferred processes for C-dots synthesis
because of inherent advantages such as rapid heating and enhanced reaction rates. Several
research groups have explored the formation of carbon dots from various carbonizable
precursors through microwaves. Microwave assisted pyrolysis of PEG 200 and a saccharide
(glucose or fructose) was done at 500 W for several minutes to synthesize C-dots (Zhu et al.,
2009). In a follow-up study, a single step method for the synthesis of C-dots from
carbohydrates (glycerol, glycol, glucose, sucrose) with the aid of an inorganic ion solution was
reported, bypassing the use of surface passivation agent (Wang et al., 2011). The quantum yield
of C-dots produced was less than 6%. In a similar attempt, blue fluorescent C-dots were
produced by using 4,7,10-trioxa-1,13-tridecanediamine (TTDDA) as a passivating agent and
glycerol as a carbon source by microwave irradiation with improved quantum yield values upto
15% (Liu et al., 2011). Following, Zhai et al., 2012 reported the plausibility of producing
C-dots from a small molecule like citric acid in the presence of various amine molecules which
serve as both N doped precursors and surface passivation agents. Polyethylenimine (PEI)
functionalized carbon dots fabricated by microwave irradiation of a mixture of glycerol and
branched PEI, wherein the latter being a nitrogen-rich compound was responsible for
enhancing the fluorescence of C-dots. A rapid, one-step microwave mediated method for
synthesizing C-dots using poly(ethylene glycol) (PEG) as a carbon source as well as a
passivating agent was also been reported (Jaiswal et al., 2012). Water-soluble, green
fluorescent phosphorous containing C-dots were produced using phytic acid by a similar
approach (Wang et al., 2014d). Chowdhury et al., 2013 explored the possibility of obtaining
C-dots from chitosan gel. C-dots demonstrating multicolour fluorescence were fabricated by
carbohydrate carbonization approach using chitosan, a polysaccharide as a carbonaceous
material and PEG 4000 for in situ surface passivation. Subsequently, highly fluorescent C-dots
were obtained within minutes without any sort of post-synthetic treatment (Sachdev et al.,

2013). Compared to other approaches, microwave mediated synthesis offers a simple, rapid and



CHAPTER 2 17

economical means of synthesizing C-dots from organic precursors. Although efficient, the
C-dots produced by this technique have low brightness which makes them unsuitable for
biological applications. Moreover, the fumes produced during the carbonization process under
microwave irradiation are often considered bad for human health and environment (Beyler
etal., 1995).

2.2.5 Combustion/chemical oxidation/thermal routes

Combustion oxidation is one of the earliest reported methods of procuring C-dots from the soot
obtained by the combustion of unscented candles or natural gas burners (Liu et al., 2007, Ray et
al., 2009 and Tian et al., 2009). Mao and co-workers synthesized multicolour C-dots from the
soot collected from a burning candle. Oxidative acid treatment of the soot introduced —OH and
—COOH surface functionality. Obtained C-dots were further purified by polyacrylamide gel
electrophoresis (PAGE) fractionation and hence resolved into discrete fluorescent bands.
Electrophoretic mobility correlated with the observed fluorescence emission colour of C-dots,
with the fast moving ones emitting at lower wavelength and vice versa (Liu et al., 2007). A
similar approach was followed by Ray et al., 2009 in which size based separation of C-dots was
carried in a solvent mixture of water/ethanol/chloroform in conjugation with high-speed,
stepwise centrifugation. Recently, C-dots were extracted from pollutant diesel soot by a series

of purification steps (Tripathi et al., 2014).

Chemical oxidation approach relies on the oxidative treatment of carbon sources to prepare
C-dots. A simple aqueous route to obtain C-dots from carbohydrates was explored (Peng et al.,
2009). Dehydration of carbohydrates by concentrated sulphuric acid produced sufficient
carbonaceous material, which was further broken down into carbon nanoparticles via refluxing
in nitric acid solution. Finally, surface passivation by TTDDA produced fluorescent C-dots.
Similarly, Zhang et al., 2010 proposed a high-yield synthetic method for blue and green
luminescent C-dots by controlled carbonization of sucrose and subsequent surface
functionalization. An automatic chemical method for the synthesis of green fluorescent C-dots
was demonstrated by simple mixing of acetic acid, water and diphosphorous pentoxide (P,Os)
without any external heating. Here, acetic acid acted as a carbon precursor while P,Os aided in

catalyzing the carbonization reaction (Fang et al., 2012).

Thermal approaches like solvothermal and hydrothermal principally involve the pyrolysis of
carbonaceous precursors under high temperature conditions to generate C-dots. These

techniques have become increasing popular amongst various research groups owing to simple
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equipment setup, low cost, eco-friendly and non-toxic production of C-dots from a variety of
synthetic or natural organic sources (Komarneni, 2003). In this approach, the C-dot precursor
solution is sealed inside a stainless steel vessel and reaction proceeds under high temperature
(> 100°'C) and pressure conditions. When water is used as a solvent, the above process is
referred to as ‘hydrothermal’, while in case solvent other than water is used the process is
considered as ‘solvothermal’. Nitrogen doped C-dots were synthesized by a one-pot
solvothermal route using carbon tetrachloride (CCly) and sodium amide (NaNH,) mixture in
methylbenzene (Ma et al., 2012). A green solvothermal route was adopted in which oxidative
degradation of PEG 200 by a strong alkali was performed and further subjected to solvothermal
heating at 160 'C for 24 h (Mitra et al., 2013). Hydrothermal route for C-dots synthesis is
advantageous since it circumvents the multistep surface passivation problems and provides
controlled reaction conditions. Generally, the hydrothermal synthesis of C-dots is accomplished
by pyrolysis of a single precursor that acts as both carbon source and a passivating agent or by
employing two components, that is, a passivating agent in addition to carbon precursor (Li et
al., 2012a, Yang et al., 2012, Zhang et al., 2012, Sachdev et al., 2013,and Li et al., 2013a). In
the recent past, a facile hydrothermal method for production of C-dots from glucose in the
presence of monopotassium phosphate (KH,PO,) was reported (Yang et al.,, 2011). The
formation and passivation proceeded simultaneously to produce intrinsically fluorescent
C-dots, while the concentration of KH,PO, dictated the fluorescence emission colour. Amino-
functionalized C-dots were produced through the dehydration of chitosan saccharide structure
without the aid of any strong acid solvent or surface passivation (Yang et al., 2012). Similarly,
the hydrothermal treatment of several other carbohydrate moieties (maltose, lactose etc.) for
C-dots production was also explored (Zhang et al., 2013 and Liu et al., 2014b). Yang et al.
2014a employed hydrothermal method to synthesize nitrogen-doped C-dots using ammonium
citrate, serving as both carbon source as well as meeting the requirements of surface
passivation. The groups on the surface of N-doped CDs acted as a self-passivation layer.
Polyamine-functionalized C-dots were synthesized by carbonizing citric acid at a lower
temperature (< 200°C) using bPEI as a functionalizing agent (Dong et al., 2012). Zhu et al.,
2013c employed citric acid as a carbon source in combination with ethlenediamine as a
separate nitrogenous passivation agent to obtain C-dots with higher quantum yields (upto 80%).

Green synthesis of C-dots is a highly attractive research topic, which exploits the use of natural,
renewable carbon precursors. Nevertheless, it is always exciting to explore the green sources

for C-dots because these are inexpensive, clean, nontoxic and easily accessible. A detailed
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account of various methodologies for C-dots synthesis from natural carbonaceous green

sources has been provided in Table 2.1.

Source Synthesis method Fluorescence Reference
emission
Orange juice Hydrothermal Green Sahu et al. 2012
Pomelo peel Hydrothermal Blue Luet al. 2012
Soy milk Hydrothermal Blue Zhu et al. 2012
Protein Hydrothermal Blue Zhang et al. 2012
L-ascorbic acid Solvothermal Green Wu et al. 2012
Egg shell Microwave Blue Wang et al. 2012
Food caramels Pyrolysis Blue Sk et al. 2012
Coffee grounds Pyrolysis Blue Hsu et al. 2012
Grass Hydrothermal Blue Liu et al. 2012
\Watermelon peel Pyrolysis Blue Zhou et al. 2012
Hair Sulphuric acid Blue Sun et al. 2013
carbonization and hair
etching
Willow bark Hydrothermal Blue Qin et al. 2013
Flour Microwave Blue Qin et al. 2013
Plant leaves Pyrolysis Blue Zhu et al. 2013
Grape juice Hydrothermal Blue Huang et al. 2014
Milk Hydrothermal Blue Wang et al. 2014
Potato Hydrothermal Blue, green and Mehta et al. 2014
red
Waste biomass Ultrasonic Blue Park et al. 2014
Honey Hydrothermal Blue Yang et al. 2014
Oats Microwave Blue Shi et al. 2015
Lime juice Hydrothermal Green Barati et al. 2015

Table 2.1 Synthetic scheme of C-dots from natural green sources by various methodologies.

However, the key challenge remains to produce C-dots with high quantum yields in ample

amounts by using simple one-step methodologies. In the recent past, the hydrothermal

preparative protocols for C-dots from biological materials have been well-documented.
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Accordingly, the hydrothermal treatment of natural green sources orange juice (Sahu et al.,
2012), grape juice (Huang et al., 2014), milk (Wang et al., 2014b), potato (Mehta et al., 2014),
oats (Shi et al., 2015) and even waste biomass (Park et al., 2014) have been reported for C-dots.
In the above investigations, the subsequent surface functionalization of CDs by various groups
such as hydroxyl, carboxylic and amino was accomplished from the organic moieties present in
the respective sources, thereby eliminating the need of auxiliary passivation agent. Hence, a
green hydrothermal approach could be envisioned as an effective and economical means of

producing highly fluorescent, water soluble C-dots on large scale for practical applications.

2.3 Fluorescence emission of C-dots

Fluorescence emission is one of the most exciting features of C-dots. Underlying the difficulty
in predicting the exact fluorescence mechanism is the fact that the C-dots are prepared from
numerous sources through diverse approaches and possess multiple complicated structures
(Zhai et al., 2012, Nie at al., 2014, Hu et al., 2015 and Fu et al., 2015). In the available
literature, wide discrepancies exist regarding the fluorescence origin in C-dots and are still
debatable. Surface passivation is one of the phenomenon for inducing or improving the
fluorescence emission from the dot surface (Fig. 2.3). In one of the earlier studies it was found
that the acid treated carbon nanoparticles could be made fluorescent only after surface
passivation by diamine terminated oligomeric polymer (PEG 1500N) (Sun et al., 2006). This
suggested the role of surface passivation for stabilization of surface energy traps for
fluorescence emission. Apart from this, other nitrogen containing organic moieties such as
polyethleneamine (PEI), poly(ethylenimide)-co-poly(ethyleneglycol)-co-poly(ethyl-enimide)
(PPEI), ethylenediamine (EDA) and 4,7,10-trioxa-1,13-tridecanediamine (TTDDA) have been
commonly employed for surface passivation (Cao et al., 2007, Liu et al., 2012a, Sachdev et al.,
2013 and Ding et al., 2013). The attachment of nitrogenous groups onto the surface of C-dots
has been found to generate stronger fluorescence emission in CDs. Also, various oxygen
containing groups such as carboxyl, carbonyl, epoxy, hydroxyl have been implicated for
fluorescence emissions. Candle soot derived C-dots contained abundant carbonyl groups and
required no further passivation for fluorescence emission (Liu et al., 2007 and Tian et al.,
2009). Besides, carboxylic groups on the surface of CDs have been held responsible for
fluorescence (Hu et al. 2009). Another interesting scheme of improving the fluorescence
emission of C-dots involves the doping of C-dots by inorganic salts or heteroatoms. For
example, core carbon nanoparticle surface was doped with inorganic salts (ZnO, ZnS, or TiO2)
along with the organic functionalization (Baker et al., 2010, Luo et al., 2013). The resulting

C-dots (Czno-dots, Czys-dots, or Crioz-dots) exhibited much brighter fluorescence emissions
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than their undoped counterparts. Dong et al. 2013 suggested strong fluorescence emission of
C-dots as a result of surface-doped nitrogen or sulphur atoms. Additionally, mechanistic studies
on fluorescence origin in C-dots suggest the synergistic effect of carbon nanoparticles core and
surface functional groups in creating complex surface states (Zhu et al., 2013c). Investigation
by ultrafast spectroscopy revealed the formation of special edge states consisting of carboxyl
and carbonyl groups formed by the hybridization of carbon backbone with surface chemical

groups give rise to green emission centres (Wang et al., 2014f).

Figure 2.3 Fluorescent C-dots surface functionalized with organic, polymeric, inorganic or

biological species.

Multicolour fluorescence in C-dots is another interesting feature which arises due to the
presence of multiple emissive sites in a single particle or different sizes of the particle. The
origin of excitation-dependent multicolour emission in C-dots was shown to be governed by the
relative population of the emissive states rather than the different particle sizes or surface
groups (Khan et al., 2015a). On the contrary, size dependent emission was found in C-dots
fractioned according to size. C-dots emitted blue, green, yellow and orange fluorescence with
an increase in size (Li et al., 2010b). Thus, it was demonstrated that the quantum confinement
effects were responsible for the observed size dependent behaviour. Furthermore, surface
passivation also influences multicolour fluorescence in C-dots. Surface passivated C-dots
demonstrated excitation dependent fluorescence behaviour resulting in blue, green and red
colour emission. Possibly, surface passivation causes the stabilization of various emission trap
sites. These surface energy sites become emissive through effective radiative recombinations at

different excitation wavelengths leading to multicolour emission (Sachdev et al., 2013).
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Contrastingly, full spectrum tunable emitting C-dots were produced by controlling the oxygen
and nitrogen contents in dots by tailoring the reagents during the synthetic process (Hu et al.,
2015). Recently, Ding et al., 2016 reported C-dots with stable luminescence spanning the
visible spectrum (blue to red) under single wavelength. C-dots were separated via silica column
chromatography and differed with respect to surface states. Differences in surface states of the
samples resulted from the varying degrees of oxidation which ultimately determined the
fluorescence colour. Hence, the authors demonstrated that the surface energy bands were

dependent on the surface groups and structures, rather than on the particle size.

2.4 C-dots as bioimaging agents

Ever since its inception, C-dots have been explored extensively for fluorescence based
bioimaging applications. Owing to excellent fluorescence properties, low toxicity and aqueous
solubility, C-dots fulfils the essential attributes of an ideal bioimaging agent (Luo et al., 2013
and Wang et al., 2014e). Of particular interest is the multicolour fluorescence and NIR
emission of C-dots, which holds relevance for in vitro and in vivo imaging applications.
Meanwhile, versatility of C-dots provides an opportunity for engineering C-dot based

multifunctional platforms for various biomedical applications.

2.4.1 Cellular imaging in vitro

Sun et al., 2006 provided the first ever evidence of biolabelling by incubating E. coli bacteria
with surface passivated C-dots and observed multicolour fluorescence by changing the
excitation wavelength. Similarly, biolabeling mechanism of PEG passivated multicolour C-dots
(CPs) was studied using Gram-positive S. aureus and Gram-negative recombinant green
fluorescent protein (GFP)-expressing E. coli as model systems (Sachdev et al., 2013). CPs
labelled GFP E. coli and S. aureus cells radiated light green, blue and red colour under various
fluorescence microscopy filters. Time-dependent microscopy using GFP E. Coli bacteria
further predicted optimal labelling time of 3 h for multicolour emission. Transmission electron
microscopy (TEM) images provided evidence of cellular uptake of CPs inside bacterial cells at
a concentration of 0.1 mg mL™ without any bactericidal effects. Subsequently, C-dots were
pursued for multiphoton bioimaging in mammalian cells such as MCF-7 cells. PPEI-EI
passivated C-dots were found to be strongly emissive under fluorescence microscope following
excitation by 800 nm laser. The cellular uptake of C-dots was restricted to the cell membrane
and the cytoplasm of MCF-7 cells (Cao et al., 2007). Yet another study highlighted that L929
cells incubated with N doped photoluminescent C-dots emitted blue, green and red

fluorescence under different excitation wavelength from the cytoplasmic area (Zhai et al.,
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2012). So far, most of the available literature suggests that the C-dots without any specialized
modifications localize mainly in the cytoplasmic areas via passive endocytosis, without any
evidence of nuclear labelling. However, in a recent study HelLa cells incubated with C-dots
showed nuclear uptake. The internalized C-dots were further able to selectively stain the
nucleoli, thereby achieving organelle selection (Kong et al. 2014). Besides, bioconjugated
C-dots have been used for specific targeting in various studies. For monitoring the pH changes
in living cells, a C-dot based two-photon fluorescence probe was developed by covalent
conjugation with a receptor molecule 4'-(aminomethylpheynl)-2'2":6',2" -terpyridine (AE-
TPY) (Kong et al., 2012). C-dots have also been used for specific targeting and imaging of
cancer cells. An aptamer-conjugated imaging probe was developed for targeting cancers. Thiol-
terminated C-dots (SH-gC-dots) were conjugated with maleimide-terminated TTAL aptamer
for targeting Tnc proteins (TTA1-C-dots). To study the possibility of targeting cancers using
the TTA1-C-dots, HeLa (human cervical cancer cells), C6 (rat glioma cells) were selected as
cancer cell lines, while CHO (Chinese hamster ovary cells) was used as non-cancerous model
cell line. Compared with the SH-gC-dots, the targeting efficiency of the TTA1-C-Dots was
higher in HeLa and C6 cells. The increase in fluorescence emission intensity for HeLa and C6
cell lines treated with the TTA1-C-dots correlated with enhanced targeting with respect to the
SH-gC-Dots. However, in CHO cells, no detectable difference in fluorescence intensity was
observed between TTA1-C-dots and SH-gC-dots (Lee et al., 2013b). There have been specific
instances in which C-dots based folate receptor (FR) targeting in cancer cells was followed
(Song et al., 2012, Wang et al., 2015 and Bhunia et al., 2016a). Folic acid (FA) conjugated
fluorescent carbon nanodots (C-dots-FA) were synthesized which could be endocytosed by the
overexpressed FR molecule (Song et al., 2012). The assembly was able to distinguish folate
positive HeLa cancer cells from folate negative MCF-7 cancer cells. Additionally, HeLa cells
produced bright fluorescence in comparison to normal NIH3T3 cells due to lower expression of
FR receptor in normal cells, resulting in lesser uptake of C-dots-FA. This clearly indicated that
the C-dots-FA system could discriminate FR-positive cancerous cells from normal cells.
Likewise, C-dots loaded silica nanospheres were surface functionalized with folic acid for
targeted bioimaging of cancer cells (Wang et al., 2015). Additionally, Ruan et al., 2014
demonstrated the potential of angiopep-2 (glioma targeting ligand) conjugated PEGylated
C-dots for noninvasive glioma imaging. The above reported studies highlight that C-dots are
amenable to various cell imaging applications without compromising their fluorescence

properties.
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2.4.2 In vivo imaging

The use of C-dots for in vivo mice imaging was first ever reported by Sun’s group. C-dots were
injected into the mice through three injection routes, namely subcutaneous, intradermal and
intravenous. In all the cases, the C-dots remained strongly fluorescent post injection in vivo
(Yang et al., 2009a). In yet another study, PEGylated C-dots were administered to mice in high
doses. Histopathological analyses of liver, spleen and kidneys of mice were performed. The
liver and spleen were excised from mice 6 h after intravenous exposure to C-dots. Liver and
spleen had relatively higher amounts of C-dots. Further, no toxicity was observed in mice for
extended periods of time (Yang et al., 2009b). Li et al., 2012b performed a similar
bio distribution study of C-dots. Following tail vein injection, mice were harvested and frozen
sections of different organs were obtained. Bright blue fluorescence of C-dots was visible in
heart, liver, spleen, lung, kidney, intestine as well as in brain at 6, 16 and 24 h post injection.
Out of these, spleen had the brightest blue fluorescence, indicating more uptake. Apart from
biocompatibility, C-dots have exhibited the same or even better performances for in vivo
imaging in mice models compared to commercially available CdSe-ZnS QDs (Cao et al.,
2012). NIR fluorescence imaging potential of C-dots was also investigated in recent studies
which is particularly noteworthy for in vivo imaging, because of lesser autofluorescence and
tissue transparency in the NIR region (Tao et al., 2012 and Li et al., 2012a). Recently, angiopep
modified PEGylated C-dots showed selective, significant glioma accumulation compared to

their unmodified counterparts (Ruan et al., 2014).

2.4.3 C-dots based theranostics

Theranostics is a term generally used to refer to the incorporation of imaging and therapeutic
modalities in a single platform (Kelkar et al., 2011 and Liu et al., 2014a). There have been
several reports wherein C-dots directly serve as theranostic agents or employed for bioimaging
purposes as part of a multifunctional theranostic system. C-dots have been shown to have
cancer inhibition activity along with the bioimaging properties. As-prepared C-dots from green
tea tend to inhibit growth of breast cancer cells such as MCF-7 and MDA-MB-231 in a dose
dependent manner but showed less toxicity towards MCF-10A normal cells. The production of
reactive oxygen species (ROS) was considered to be the main reason behind cancer inhibition
effect of C-dots. With an increase in C-dots concentration, cellular levels of H,O, increased and
resulted in induction of apoptosis which ultimately led to the killing of cancer cells (Hsu et al.
2013). In yet another study, C-dots prepared from ginger juice were shown to have selective
anticancer activity against HepG2 cancer cells and low cytotoxicity towards normal cells MCF-
10A and FL83 B cells. ICs value of C-dots on HepG2 cells was reported to be 0.35 mg mL™.
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Western blot analysis revealed an up-regulation of tumor suppressor gene p53 in HepG2 cell
line. Intracellular ROS production in C-dots treated HepG2 cells increased 18.2-fold with
respect to normal cells ultimately leading to apoptosis (Li et al., 2014a). All the above instances

signify the importance of the C-dot precursors in bestowing the requisite therapeutic response.

C-dots have also been examined as drug delivery systems (DDS). Hollow C-dots (HCDs) have
been used for delivery of anticancer drug, doxorubicin (DOX). DOX-HCD complex displayed
a pH-dependent release and performed the dual role of cell imaging and anticancer activity.
The inherent green fluorescence of HCDs and red fluorescence of DOX formed a dual emission
delivery system. Internalization of such a system was observed in A549 cancer cells by
fluorescence microscopy. Green emission of HCDs in cytoplasm was observed after 24 h and
red emission inside nucleus was due to the release of DOX from HCD and its entry inside the
nucleus (Wang et al., 2013a). Similarly, FA capped C-dots modified with BSA have been used
for the delivery of DOX to cancer cells. C-dots-FA-@DOX complex specifically targeted HeLa
cancer cells by interaction with FR receptor and showed bright green coloured fluorescence,
where as bare C-dots without FA depicted negligible fluorescence in HeLa cells. C-dots-FA-
@DOX complex had an ICsq value of less than 0.04 mM, much lower than free DOX (0.08
mM) due to enhanced targeting and uptake by HelLa cells (Mewada et al., 2014). C-dots have
also been integrated with Oxaliplatin (CD-Oxa) by means of condensation reaction between the
amino groups on the surface of C-dots and the carboxyl group of Oxa(lV)-COOH. The
theranostic complex CD-Oxa combines the bioimaging properties of C-dots and anticancer
action of Oxaliplatin. This allows the tracking of drug molecules inside the cell by monitoring
the fluorescence intensity of the complex. The activity of CD-Oxa complex was tested against
HepG2 cancer cells. Upon incubation, the cells displayed multicolour emission due to
internalization of CD-Oxa. Further, for in vivo studies mouse were injected with CD-Oxa (0.72
mg mL™) at the site of tumor. The fluorescence emission was detected readily, fluorescence
area spreaded around the injection site to form a gradient density distribution. Fluorescence
signal faded after 24 h and subsequent injections were done for repeated doses. With increasing
time, tumor suppression was observed indicated by the flattening of tumor area (Zheng et al.,
2014). For C-dot based photoresponsive theranostics, a quinoline phototrigger conjugated
anticancer drug, 7-(3-bromopropoxy)-2-quinolylmethyl chlorambucil (Qucbl) was tethered
onto the surface of C-dots (Qucbl-Cdots) for photoresponsive and regulated drug release.
Activity and cellular uptake of the conjugate was studied using HelLa cancer cells. After 4 h
incubation, cells exhibited bright green fluorescence in the cytoplasm and nucleus. Further, the

cytotoxicity studies of Qucbhl-Cdots on HeLa cells depicted decrease in cell viability with an
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increase in chlorambucil concentration, while the viability remain unaffected for C-dots treated
cells. Exposure to light caused the release of Quchl from Qucbl-Cdots complex inside the cells
ultimately leading to cell death. Optimal irradiation time for drug release to achieve the highest
cytotoxicity was found to be 30 min, indicating the release of most of the tethered drug from
Qucbl-Cdots complex (Karthik et al., 2013).

Gene delivery is perceived as a potential treatment for many disorders. Intrinsic
biocompatibility and phenomenal fluorescence properties confer noteworthy advantages for the
use of C dots as gene delivery agents. C-dots have the unique ability to sneak through the
biological membranes with ease and deliver the desired therapeutic agent either directly or after
some surface modification. C-dots passivated with a cationic polymer, PEI (CD-PEI) was
complexed with plasmid DNA (pDNA) for executing gene transfection and subsequent
expression. Confocal microscopy images revealed that CD-PEI were able to pDNA delivery to
HeLa cells with transfection efficiency comparable to control PEI, but with lesser cytotoxic
effects (Liu et al., 2012a). In a follow up study, a hybrid CD-PEI assembly was proposed for
the real-time tracking of pDNA. CD-PEI was able to condense the pDNA in varying weight
ratios and hence successfully transfected COS-7 and HelLa cells. Besides, the fluorescence of
C-dots was used to monitor the association/dissociation of polymeric carrier/pDNA complex
during transfection. The strategy involved the incorporation of PEI funcnationalized gold
nanoparticles (PEI-Au) for tuning the fluorescence response of CD-PEI. Association of the
whole complex with pDNA resulted in quenching of C-dots fluorescence. During transfection,
at the post-endosomal step high salt concentrations cause the dissociation of the complex
resulting in the release of pDNA and fluorescence recovery of C-dots, facilitating concomitant
tracking of gene delivery (Kim et al., 2013). Lately, C-dots have also been exploited for sSiRNA
delivery (Pierrat et al., 2015).

Photodynamic therapy (PDT) is one of the established cancer treatment modalities (Deng et al.,
2015). Absorption of light of specific wavelength activates the photosensitizer (PS) to form
ROS which ultimately cause the death of the cells in the vicinity. The use of C-dots for PDT
based theranostics is relatively a newly discovered area. In one such approach, a
photosensitizer, chlorin e6 was conjugated to C-dots (C-dots-Ce6) through conventional EDC—
NHS chemistry for simultaneous fluorescence imaging and PDT under in vitro as well as in
vivo conditions. The fluorescence emission of C-dots was found to overlap with the absorption
of Ce6 which meant that C-dots could indirectly excite Ce6 by fluorescence resonance energy

transfer (FRET). After 2 hours of incubation, red fluorescence was observed in the cytoplasm
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of human MGCB803 cells owing to localization of C-dots-Ce6. Further, C-dots-Ce6 incubated
cells irradiated by laser depicted concentration-dependent cytotoxicity compared to non-
irradiated controls. In vivo theranostics of C-dots-Ce6 was performed on nude mice with
subcutaneous MGCB803 gastric cancer xenograft. After sufficient growth of tumors, the mice
were intravenously injected with C-dots-Ce6. Post injection, significant fluorescence emission
was observed in the tumor area after 2-4 h which reached its plateau value between 4-8 h. Thus,
PDT was realized after 8 h post injection by optimizing the fluorescence emission (Huang et
al., 2012). On similar lines, a targeted C-dots based nanoprobe for PDT was developed by
using zinc pthalocyanine as PS and FA as a targeting moiety (Choi et al., 2014). Recently,
5,10,15,20-tetrakis(1-methyl 4-pyridinio) porphyrins (TMPyP), a PS, was electrostatically
conjugated to C-dots and used for two-photon (TP) excited PDT. Besides imaging capabilities,
C-dots also tend to increase the water solubility of PS molecules through conjugation which
generally have low solubility under aqueous conditions (Wang et al., 20149).

2.5 Fluorescence sensing based on C-dots

Metal ion sensing is one of the most studied analytical applications of C-dots (Zuo et al., 2016
and Gupta et al., 2016a). Mercuric (Hg?") ion contamination poses serious threat to
environment and is considered as a health hazard. Inspired by this challenge, C-dots based
sensing of Hg?* ions has been explored. Gongalves et al., 2010 performed Hg** sensing based
on static quenching due to formation of C-dots-Hg** complex. Yan et al., 2014 developed
nitrogen doped C-dots (N-C-dots) and applied them for sensing of Hg?* in river and mineral
water. Further, N-C-dots were used for detection and imaging of Hg?* inside living cells. Gupta
et al., 2015 devised an efficient approach for detection of Hg** by nitrogen doped PEGylated
C-dots which were further functionalized with dithiothreitol and used for detection of thiols.
Recently, a cost-effective smart phone app was developed for real-time quantification of Hg**
concentrations based on image analysis. Hg®* concentrations were correlated with the
brightness of C-dots which formed the basis of detection (Wang et al., 2016b). C-dots have
been used as Fe** sensors as well. The work done by Zhu et al. 2013c demonstrated that the
fluorescence of C-dots could be quenched by Fe** due to special coordination interaction
between them. Fluorescence quenching mechanism was explained through time-correlated
single photon counting (TCSPC), which predicted reduced lifetime of C-dots-Fe** complex
compared to C-dots leading to dynamic quenching. C-dots synthesized by solid-phase approach
were used as selective probe for detecting Fe** in living cells. This method was based on strong
coordination between Fe** and oxygen groups of C-dots leading to non radiative electron

transfer, presenting a fluorescence “turn off” means for Fe®" determination (Zhang et al.,
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2014a). A fluorescence turn “off-on” method for Fe®* detection inside living cells was also
proposed using C-dots derived from konjac fluor (Teng et al., 2014). Similar C-dots based
label-free detection of Fe®* was demonstrated in other studies as well (Wang et al., 2014a and
Gong et al., 2015). Nevertheless, C-dots obtained through different synthetic schemes have
been used for selective sensing of other metal ions such as Cu** (Zong et al., 2014), Pb** (Wee
et al., 2013 and Gupta et al., 2016b), Co®" (Li et al., 2015b), Sn** (Yazid et al., 2013) and Cr®*
(Zheng et al., 2013).

Endowed with intrinsic sensitivity and selectivity features, C-dots have been used for the
detection of various molecules by monitoring the changes in their fluorescence emission
behaviour. C-dots based silica aerogels were prepared for nitrogen dioxide (NO,) gas sensing
(Wang et al., 2013b). Similarly, a ratiometric probe based on blue emitting C-dots and red
emitting CATE QDs was developed for visual determination of NO; (Yan et al., 2015). C-dots
have also been used as sensitive probes for detection of various biomolecules. For nucleic acid
detection, dye-labeled single stranded DNA (ssDNA) was adsorbed onto the surface of C-dots
resulting in fluorescence quenching of dye. This was followed by hybridization with
complementary target ssSDNA to form a hybrid double stranded DNA (dsDNA), which
eventually gets detached from the C-dots surface leading to fluorescence recovery of dye.
Additionally, the content of the target sSDNA could be determined by measuring the
fluorescence intensity of the solution system before and after the addition of target DNA
molecules (Li et al., 2011c). Boronic acid functionalized C-dots have successfully applied for
non enzymatic blood glucose sensing and quantification (Shen et al., 2014). Dopamine (DOPA)
is an important neurotransmitter whose deficiency is associated with many neurological
disorders like schizophrenia, parkinson’s and huntington’s disease. A C-dots/tyrosine
(C-dots/TYR) hybrid fluorescence probe was developed for dopamine detection. Oxidation of
DOPA by TYR subsequently causes the fluorescence quenching of C-dots which forms the
basis of detection. Moreover, the other guest molecules (metal ions, carbohydrates, phenols and
cresols) showed negligible interference in DOPA detection (Li et al., 2014b). C-dots mediated
detection of ROS has also been encountered. C-dots based ratiometric sensor for NO was
realized through FRET process, where C-dots served as energy donor as well as anchor for NO
recognition moiety (phenylenediamine containing naphthalimide). With an increase in
concentration of NO, the fluorescence of CDs at 455 nm decreased, whereas a new emission
band at 535 nm corresponding to fluorescence of energy acceptor- naphthalimide moiety
appeared. Accordingly, the fluorescence emission of the solution turned from blue to green due

to FRET process. The nanoprobe was able to track the exogenous NO levels in live cells as
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well (Yu et al., 2013). A similar FRET based ratiometric probe was developed for
mitochondrial H,O, imaging by covalent linking a mitochondria-targeting ligand
(triphenylphosphonium, TPP) in addition to H,O, recognition element (PF I) onto C-dots (Du
et al., 2014). For superoxide (O,") anion sensing in living cells, C-dots acting as a reference
fluorophore were hybridized to hydroethidine (HE), serving the dual role of recognition and
response signal. Non fluorescent HE could recognize and react with O, and generated an
emission peak at 610 nm upon 488 nm excitation wavelength, while the emission of C-dots at
525 nm under similar excitation remained unchanged, which formed the working principle for

ratiometric detection of O," (Gao et al., 2014).

2.6 Antioxidant activity of C-dots

Very few, but sound evidence is available concerning the antioxidant potential of C-dots. In
one of the earlier studies, free radicals generated chemically from an azo compound,
2,2-azodiisobutyramidine dihydrochloride (AAPH) were shown to be neutralized by C-dots and
hence prevented the oxidation of the used radical probes dihydrorhodamine 123 (Dhr123) and
Singlet Oxygen Sensor Green (SOSG). Moreover, the study suggested that the antioxidant
effect was primarily targeted towards scavenging of singlet oxygen species (Christensen et al.,
2011). Spent rapeseed meal derived C-dots were tested for their antioxidant potential via
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical method. Antioxidant activity was detected on
the basis of visual colour change of DPPH solution upon addition of C-dots. Probably, the
quantum size effects and organic functionalities of C-dots enable the quenching of DPPH free
radicals. The authors also formulated C-dot loaded protein nanocomposite films for packaging
of oils, which were able to resist oxidation better than pristine protein sachet (Purkayastha et
al., 2014). C-dots from date molasses demonstrated in vitro ROS scavenging potential. Nitro
Blue Tetrazolium (NBT) assays confirmed the superoxide inhibition activity of C-dots inside
the cells (Das et al., 2014). An increase in concentration of internalized C-dots caused the
reduction in the number of black dotted (corresponding to NBT positive cells) MG-63 cells,
thus relieving the oxidative stress inside the cells. Generally, the mechanisms for the

antioxidant potential of C-dots are ambiguous and need further investigation.

2.7 Metal based nanoparticles

Over the years, the intrinsic properties of metallic nanoparticles (NPs) have been exploited for
biomedical applications. These metal NPs exhibit exclusively different optical, electronic and
chemical properties compared to bulk metal owing to quantum size effects (Schmid et al.,
1999, Silva, 2004, Maksimova et al., 2008, Khlebtsov et al., 2008, Gill et al., 2013 and Liu et
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al., 2015b). In addition, the NP based systems provide a platform for combining the properties
of two or more different materials and enable their use as therapeutic agents for intended use
(Mody et al., 2010, Panfilova et al., 2012 and Ravibabu et al., 2016). Thus, the prospective
aspects of metal based NPs such as silver, zinc oxide and cerium oxide relevant to the thesis
have been discussed below.

2.7.1 Silver nanoparticles

Silver nanoparticles (Ag NPs) are one of the much publicized nanoparticles which have been
extensively applied for consumer and health-related applications. Antibacterial action of Ag
NPs has been the subject of intense research contributing to their wide range of commercial
applications such as water purification, food packaging, wound dressings, textile, cosmetics
and paints (Mazurak et al., 2007, Gangadharan et al., 2010 and Dubey et al., 2015). Moreover,
the therapeutic effects of Ag NPs on cancer cells have pharmaceutical implications. In a
pioneering work, Asharani et al., 2009 reported the toxicity mechanism of Ag NPs using
normal human lung fibroblast (IMR-90) and human glioblastoma (U251) cells. Possibly, the
mitochondrial dysfunction initiated a cascade of events involving ROS production which
triggered DNA damage, followed by cell cycle arrest at G2/M phase. A higher toxicity
response was observed in U251 cells, highlighting the potential use of Ag NPs in cancer
therapy. Gopinath et al., 2010 explored the apoptotic gene signalling pathway in Ag NPs
treated human colon adenocarcinoma (HT29) cells. The findings suggested the occurrence of
p53 dependent apoptotic pathway and mitochondrial DNA fragmentation leading to cell death.
Similarly, Sanpui et al., 2011 loaded Ag NPs inside a chitosan nanocarrier for apoptosis
induction using fairly low concentrations of Ag as an efficient approach compared to the use of
free Ag NPs for similar purposes. Later, Ag NPs were co-delivered with an anticancer drug
5-Fluoruracil (5-FU) using a poly(amidoamine) (PAMAM) dendrimer as multifunctional
nanocomposites for inducing synergistic antiproliferative effects in cancer cells (Matai et al.,
2015). Thus, there is a need to develop combinatorial strategies for cancer therapy wherein Ag
NPs could be used in minimal concentrations with other nanoparticles or chemotherapeutic

drugs for mediating enhanced cytotoxic effects.

2.7.2 Zinc oxide nanoparticles

Metal oxide nanoparticles such as Zinc oxide (ZnO) nanoparticles often present themselves as
versatile therapeutic agents. Bulk ZnO is considered as a ‘GRAS’ (generally recognized as
safe) material by the FDA (Reddy et al., 2007). However, ZnO in the nano range has a

relatively increased surface area, affecting the chemical reactivity and giving rise to unique
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toxicity behaviour for specific biological applications. ZnO NPs share similar bactericidal and
bacteriostatic mechanisms with Ag NPs, enabling their commercial use in food packaging
materials. The incorporation of ZnO NPs in topical sunscreens and cosmetics largely due to
their UV light absorption properties constitutes another vital application (Schilling et al., 2010
and Smijs et al., 2011). Due to widespread human exposure, the cytotoxicity mechanisms of
ZnO NPs have been studied in detail in a wide array of organisms (Premanathan et al., 2011
and Sirelkhatim et al., 2015). The toxicity responses of ZnO NPs and the resultant cellular
consequences upon uptake has been specifically studied in context of cancer cells (Rasmussen
et al., 2010). Inherent preferential cytotoxic effect against cancer cell in vitro is one of the
prime aspects observed for ZnO NPs (Hanley et al., 2008 and Wahab et al., 2014). The high
degree of selective cancerous cell killing compared to normal ones was found to be dependent
on the proliferation status of cells. Cancer cells with rapidly dividing capacities were obviously
more susceptible. Moreover, ZnO NPs have displayed size dependent cytotoxicity in cancer
cells, with the smaller ones being more toxic (Nair et al., 2009). Based on a body of evidence,
ROS production leading to apoptosis has been elucidated as a decisive mechanism for cancer
cell death (Moos et al., 2010, Wahab et al., 2014 and Sharma et al., 2012).

2.7.3 Cerium oxide nanoparticles

Cerium oxide nanoparticles (CeO NPs) have been synthesized through varied routes for
numerous applications (Deori et al., 2013). In recent years, therapeutic applications of CeO
NPs have been the matter of interest. CeO NPs have numerous surface defects due to oxygen
vacancies together with high surface area to volume ratio, rendering catalytically active surface
sites (Cassee et al., 2011 and Deori et al., 2015). The fascinating feature of CeO NPs to switch
oxidation states between +3 (reduced) and +4 (oxidized) accounts for enzyme-mimetic activity,
similar to biological antioxidants (Ratnam et al., 2006, Pirmohamed et al., 2010 and Xu et al.,
2014). Specifically, redox state-dependent catalytic properties of CeO NPs have been explored
(Deori et al., 2014). Higher Ce**/Ce*" ratio in CeO NPs corresponds to superoxide dismutase
(SOD) like activity which is beneficial for superoxide anions scavenging (Heckert et al., 2008).
On the other hand, CeO NPs with lower Ce**/Ce*" ratio demonstrated catalase mimetic activity
by decomposing H,0, to yield H,O and O, (Pirmohamed et al., 2010). Such unique properties
have prompted the use of CeO NPs as potential intracellular ROS scavengers (Karakoti et al.,
2008, Lord et al., 2012, Ting et al., 2013 and Bhushan et al., 2015). Infact, CeO NPs have been
shown to catalytically react with various ROS including hydroxyl radical (OH®), superoxide
radical (O,*) and hydrogen peroxide (H,0O,), depicting antioxidant properties (Korsvik et al.,
2007, Asati et al., 2009 and Celardo et al., 2011). Accordingly, CeO NPs have been utilized as
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antioxidant agents for the treatment of oxidative stress related diseases in cell as well as animal
model systems. The therapeutic efforts were focussed on removal or prevention of ROS in a
variety of disorders such as neurodegenerative, diabetes, retinal damage and cardiovascular
diseases (Cedergren et al., 2007, Kumar at al., 2008 and Ray et al., 2012). Interestingly, CeO
NPs have been reported to protect normal cells from ROS induced oxidative damage but not
the cancer cells (Lin et al., 2006 and Perez et al., 2008). This selectivity in action can be
attributed to pH dependent antioxidant activity of CeO NPs, due to loss of activity at low pH.
Some recent reports have suggested that the uptake of CeO NPs in mammalian cells could
induce cytotoxic effects, which discourages their potential applications (Park et al., 2008 and
Hussain et al., 2012). Further, CeO NPs have been functionalized with dextran, heparin, PEG to
improve the biocompatibility without compromising their therapeutic potential (Perez et al.,
2008 and Ting et al., 2013). Efforts to develop safer formulations of CeO NPs along with better
understanding of their biological interactions could pave the way for their clinical applications.

2.8 Hydrogels

Hydrogels are three-dimensional structures composed of cross-linked polymer networks. These
networks are usually derived from water-soluble polymers, but resistant to dissolution due to
the formation of chemical or physical bonds between the polymeric chains. Inherent water
absorption of networks causes swelling, rendering the hydrogel its physical form (Peppas et al.,
2000a). Depending on the bond formation and type of interactions hydrogels can be broadly
classified as physical or chemical cross-linked hydrogels. In physically cross-linked hydrogels,
the polymeric units are held together by secondary forces of interactions such as hydrogen
bonding or ionic interactions. The interactions are reversible in nature, since the stability of
these hydrogels depends on the external environmental conditions. On the contrary, chemically
cross-linked hydrogels requires the addition of a cross-linker for covalent connection with
various functional groups associated with polymeric backbone to form a stable, irreversible
network (Peppas et al., 1976, Hoare et al., 2008 and Das et al., 2015). Physical cross-linking of
hydrogels is advantageous owing to stimuli-responsiveness, in situ gelation, higher drug
loading capacity and lesser toxicity (Kashyap et al., 2007, Tang et al., 2014 and Vashist et al.,
2014). However, the selection of synthetic method for hydrogels is purely determined from the
application point of view. Hydrophilic synthetic polymers such as PEG, PVA, PVP, PAA,
PMA and PAM have been mostly utilized for formation of hydrogels (Hoffman, 2002,
Bhattarai et al., 2010 and Baruah et al., 2016). Moreover, hydrogels exist in a variety of
physical forms such as coatings, nanoparticles, microparticles, films and slabs. As a fascinating

material, hydrogels are smart, compatible with biological systems and responsive to a variety of
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environmental factors such as pH, light, temperature, ionic strength, solvent and electric field
(Wang et al., 2016a, Huynh et al., 2009, Im et al., 2010 and Jin et al., 2013b). Hydrogels share
some common properties with living tissues such as softness and low surface tension (Hamidi
et al., 2008). Elasticity of hydrogels minimizes the risk of irritation to the adjacent tissues,
while low interfacial tension reduces the chances of protein adsorption and cell adhesion
preventing any undesired immunogenic responses. Consequently, hydrogels have been
commonly employed for various biomedical applications including tissue engineering,
diagnostics and implantable devices (Wichterle et al., 1960, Hoffman, 2002 and Das et al.,
2015). In addition, unique characteristics of hydrogels have generated significant interest for
their use as DDS. Porous nature of the hydrogels largely permits enhanced loading of drugs
into the gel matrix and subsequent sustained release of drug for longer periods, maintaining the
pharmacokinetics of the drug (Vashist et al., 2014 and Hoare et al., 2008). Mucoadhesive and
bioadhesive characteristics of polymers used for hydrogel formulations can be advantageous
for immobilization of hydrogels at non-horizontal surfaces of colon and nose (Peppas et al.,
1996, 2000b). On account of distinct characteristics, biopolymer based hydrogels have been
frequently used as DDS (Fig. 2.4). Polysaccharides such as chondroitin sulphate, chitosan,
agar, dextran, hyalouronan etc. have been used as biopolymers for hydrogel preparation (Payne
et al., 2007, Stern et al., 2008 and Das et al., 2015). Tunable chemical structure, enzymatic
degradability and external stimuli responsiveness of polysaccharides can be exploited for the

synthesis of advanced modified hydrogels for multifunctional biomedical applications.
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Figure 2.4 Advantages of biopolymer for preparation of hydrogels.
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2.8.1 Chitosan hydrogels

Chitosan, a linear polysaccharide composed of B-(1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine units is obtained upon the deacetylation of chitin, which forms the exoskeleton of
crustaceans and insects (Kumar et al., 2004). Lately, the chitosan has been known for its
biocompatibility and biodegradability by human enzymes (lysozomal degradation etc.)
(Muzzarelli, 1997). These along with other relevant traits such as hydrophilicity,
bioadhesiveness, positive charge at physiological pH and reactive amino groups have inspired
the development of chitosan based hydrogels for intended applications (Dwivedi et al., 2014).
Generally, the synthesis of chitosan hydrogels is accomplished by covalent or ionic cross-
linking of polymeric chains (Berger et al., 2004, Hoare et al., 2008 and Bhattarai et al., 2010).
Covalently cross-linked chitosan hydrogels can be classified into three types on the basis of
their structure: interlinking of chitosan chains, hybrid polymer networks (HPNs) and
interpenetrating polymer networks (IPNs) (Wang et al., 2001). In case of HPNs and IPNs,
additional polymers are added along with a covalent cross-linker for preparation of the gel
network eg. Gelatin has been used as a hybrid polymer for HPNs while PEO has been used to
form an entangled network in IPNs (Yin et al., 2000). Covalent cross-linking of chitosan has
been performed using small molecules like glutaraldehyde, glyoxals, diacrylate and
diisocyanate (Hennink et al., 2002). Out of these, glutaraldehyde has been used most
frequently. The aldehyde groups of glutaraldehyde react with amino groups of chitosan to form
imine bonds via Schiff reaction (Monteiro et al., 1999). However, glutaraldehyde is generally
considered toxic to human body (Sung et al., 1999). On the other hand, ionic cross-linking is a
simple and mild technique, eliminating the need of auxiliary catalysts. In addition, most of the
ionic cross-linkers employed in the synthetic process are biocompatible. This procedure
involves the solubilisation or dispersion of cross-linker in the aqueous acidic medium of
chitosan (Moura et al., 2011 and Zhou et al., 2015). lonic interactions between the positively
charged amino groups of chitosan and negatively charged groups of cross-linker constitute the
main interactions inside the network. The nature of the interactions is determined by the type of
cross-linker. Metallic anions like Pt (II) and Pd (Il) interact through the formation of
coordinate-covalent bonds, while anionic molecules of sulphates, citrates and phosphates
mediate cross-linking by electrostatic interactions (Shu et al., 2001). Phosphate-bearing anionic
molecules such as sodium tripolyphosphate and [B-glycerophosphate have been commonly
employed (Schiitz et al., 2011 and Zhou et al., 2015). However, ionic cross-linked hydrogels
have certain drawbacks such as low mechanical strength and high degradation rate (Berger et
al., 2004). Moreover, chitosan hydrogels have been prepared by coupling covalent and ionic

cross-linking to combine the advantages of both types of cross-linking (Moura et al., 2011). In
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the process, genipin was used as a covalent cross-linker, which was added to a solution of
chitosan containing glycerol phosphate (ionic-cross linker) to improve the extent of cross-
linking, degradability and morphology of the hydrogels. From the perspective of drug delivery,
ionically-cross-linked chitosan hydrogels are preferred since these are well-tolerated and
exhibit pH sensitive swelling which enables the controlled release of drugs from the gel matrix.
Chitosan based in situ gelling systems have been used for controlled delivery of various
anticancer chemotherapeutic drugs. Localized chemotherapeutic approach provides high local
drug concentration at the target site in addition to reducing the systemic toxicity of drugs.
Thermoresponsive chitosan-glycerophosphate hydrogel formulation loaded with paclitaxel was
assessed for its antitumoral activity against EMT6 tumors implanted Balb/c mice in vivo and
found to be more effective than the commercially available Taxol drug with lesser side effects
(Ruel-Gariépy et al., 2004). Chitosan/dipotassium orthophosphate hydrogels were developed
for delivery of DOX for osteosarcoma manangement. The formulation not only induced the
reduction of primary and secondary osteocarcinoma, but also reduced the additional toxic
effects associated with the administration of free DOX (Ta et al., 2009). Similarly, chitosan-
gold hybrid hydrogels were used as a controlled DDS for DOX (Chen et al., 2012a).
Thermosensitive co-crosslinked chitosan were developed for delivery of cisplatin which were

effective against melanoma cells (Moura et al., 2013).

In summary, the literature review elaborated the basic properties and fluorescence mechanism
of C-dots. The various synthetic routes for C-dots along with their limitations and advantages
were also discussed. Hence, there is a necessity for exploring new synthetic schemes which can
produce C-dots with superior fluorescence properties. Further, C-dots can be exploited for
prospective biological and analytical applications. Metal based nanoparticles exhibit distinct
therapeutic effects and can be combined with C-dots to form nanocomposites which can serve
as dual-modality systems. Besides, the formation principles of chitosan hydrogels were
elucidated in detail, but their application for cancer theranostics remain unexplored. With these
observations and understanding from the literature, the scope for further research was identified
and worked upon. The experimental approaches, analysis and inferences drawn to achieve the
objectives are mentioned in detail in the subsequent chapters.



MATERIALS AND METHODS

In this chapter, synthetic strategies have been described in
detail. The various characterization techniques and

experimental assays performed have also been described.
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MATERIALS AND METHODS

3.1 Materials

All the chemicals were of analytical/molecular grade and used directly without any

purification. Ultra pure water (18 MQ cm) was used for all the preparations.

Materials Company and catalogue no.

Chitosan (low molecular weight,
M,, = 50-190 kDa,

degree of deacetylation = 75-85 %)
Polyethylene glycol (PEG-4000)

Branched poly(ethyleneimine)
(bPEI) (M, = 25 kDa)

Glacial Acetic acid

Fresh coriander leaves

Zinc nitrate hexahydrate

Silver nitrate

Citric acid monohydrate
Ammonium cerium (1V) nitrate
Sodium acetate anhydrous
Glycerol (M, = 92.09 g mol™?)
5-Fluorouracil (5-FU), (purity > 99 %)
Ferric chloride anhydrous
Sodium hydroxide (NaOH)

Hydrochloric acid (HCI)

Sigma-Aldrich, 448869

SRL, 1647131

Sigma-Aldrich, 408727

SRL, 0129168

Local grocery shop
Himedia, RM691

Merck, 1.93200.0027
SDFCL, 20081
Sigma-Aldrich, V800040
Sigma-Aldrich, V800363
SRL, 62417
Sigma-Aldrich, F6627
Himedia, GRM1379
SRL, 1949181

Rankem, HO080
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N-dimethylformamide (DMF)
Methanol

Dimethylsulfoxide (DMSO)

Nitric acid

Ethanol

Potassium bromide (KBr)
Glutaraldehyde, 25 %

Phosphate buffer saline (PBS)
Phosphotungstic acid hydrate
Quinine sulphate
2,2-diphenyl-1-picrylhydrazyl (DPPH)
Hydrogen peroxide (H20,), 30 % w/v

Dulbecco’s modified
eagle medium (DMEM)

Fetal bovine serum (FBS)
Penicillin-streptomycin

Dulbecco’s phosphate buffer saline,
Ca®* and Mg** free (DPBS)

Trypsin-EDTA, 0.25 %

3-(4,5-Dimethyl-2-thiazoyl)-2,5-
diphenyltetrazolium bromide (MTT)

Acridine orange (AO)
Ethidium bromide (EtBr)

Bis Benzimide H 33342 trihydrochloride
(Hoechst 33342)

2’ 7’-dichlorofluorescin diacetate
(DCFH-DA)

Lysotracker Red

Rankem, D0130

SDFCL, 20158

Himedia, TC185
Rankem, NOO60
Amresco, E193

Merck, 1.04907.100
Sigma-Aldrich, 340855
Himedia, RM7385
Sigma-Aldrich, P4006
Loba Chemie, 055390025
Himedia, RM2798
Thermo Fisher Scientific, 18755

Himedia, AT007

Gibco Life Technologies, 10270-106
Gibco Life Technologies, 10378-016

Sigma-Aldrich, D5652

Gibco Life Technologies, 25200-072

Amresco, 0793

Himedia, TC262
SRL, 054817

Sigma-Aldrich, 14533

Sigma-Aldrich, D6883

Life Technologies, L7528
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e 3,8-diamino-5-[3- Sigma-Aldrich, P4170
(diethylmethylammonio)propyl]-6-
phenylphenanthridinium diiodide (PI)

e Trireagent Sigma-Aldrich, T9424
e Triton X-100 Merck, RM845

e Agarose SRL, 83404

e Tris buffer SRL, 2044122

e Ethylenediaminetetraacetic Acid (EDTA) SRL, 054448

3.2 Synthetic procedures

3.2.1 Synthesis of PEI passivated C-dots and PEG passivated C-dots

Firstly, 400 mg of bPEI was added to 60 mL of ultrapure water and stirred for 30 min. To this,
300 pL of acetic acid was added for dissolution of 400 mg of chitosan and the resultant mixture
was magnetically stirred for 3 h. Then the solution was transferred to a hydrothermal reactor
and sealed. The mixture was heated at a constant temperature of 200 °C for 8 h in a nitrifying
atmosphere (pressure - 15 kg/cm?g). When cooled to room temperature, the solution was
collected and centrifuged (Beckman Coulter Allegra X-22R) at 7400 g for 20 min to
disentangle the large, insoluble black carbonaceous precipitates. Finally, the dark-brown
supernatant was collected which was referred to as CD-PEI. The supernatant solution was
further reconstituted to obtain CD-PEI at a concentration of 1.3 mg mL™.

Similarly, CD-PEG was synthesized by following a similar procedure as described above,
except 400 mg of PEG-4000 was used instead of bPEI as a surface passivating agent. In this

case a yellow coloured solution was obtained which was referred to as CD-PEG.

3.2.2 Synthesis of C-dots from coriander leaves

Briefly, 5 g of coriander leaves were chopped very finely and dissolved in 40 mL of distilled
water. The solution was then transferred to 80 mL vessel and subjected hydrothermal treatment
for 4 h at 240 °C. The solution was allowed to cool naturally and the large black insoluble
carbonaceous particles were removed by filtration through a 0.22 um filter membrane. Finally,
the volume of the solution was adjusted with water to obtain C-dots at a concentration of 10

mg mL for further characterization and use.
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3.2.3 Synthesis of C-dots-cerium oxide nanocomposite (CDs-CeO, NC)
C-dots were synthesized by a similar methodology which has been discussed in section 3.2.1

using chitosan as a carbon source and bPEI as a surface passivating agent.

CeO, nanoparticles were prepared according to a previously reported method (Liu et al.,
2012c). 2.74 g (0.07 M) of ammonium cerium (IV) nitrate was mixed with 10 g of sodium
acetate in 70 mL of ultrapure water. Then 10 mL of acetic acid was added and the solution was
stirred for another 2 h. The as-formed greenish-yellow solution was subjected to hydrothermal
treatment at 220 °C for 12 h. Finally, brown precipitates were collected by centrifugation of the
solution at 7400 g for 10 min. These precipitates were then washed with water and ethanol
several times and kept for drying at 60 °C overnight. The precipitates were grinded to obtain a

fine brown coloured CeO, nanopowder.

In order to synthesize CDs-CeO, NC, 200 mg each of chitosan and bPEI was dissolved in
30 mL of deionized water containing 150 pL of acetic acid under stirring conditions.
Subsequently, 300 mg of as-synthesized CeO, nanoparticles were dispersed in above-
mentioned chitosan-bPEI solution by bath sonication. The mixed suspension was transferred to
hydrothermal reactor vessel and maintained at 200 °C for 8 h. After cooling to room
temperature, the solution was filtered through a 0.22 um filter membrane to remove the black
insoluble carbonaceous precipitates. Finally, a brownish-yellow coloured solution was obtained
which was referred to as CDs-CeO, NC.

3.2.4 Synthesis of C-dots-silver@zinc oxide nanocomposite (CD-Ag@ZnO NC)
PEG-passivated C-dots were synthesized by following a similar procedure which has been

elucidated section 3.2.1.

Ag@zZnO was synthesized according to a previously reported method (Matai et al., 2014).
Equimolar amounts of zinc nitrate and silver nitrate were added to an 8 % aqueous citric acid
solution with stirring. The transparent solution obtained was heated at 80 °C for 30 min until a
gel was formed. Microwave treatment of the obtained gel for 5-25 cycles (each cycle consisted
of 30 s on/30 s off to prevent excessive boiling of the solvent) resulted in brownish fluffy
solids. The reaction product was washed with absolute ethanol and dried at 100 °C for 20 min.
The resulting powder was further calcined at 500 °C for 2 h in a muffle furnace to obtain a dark

brown Ag@ZnO nanopowder as the final product.
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For synthesizing CD-Ag@ZnO NC, a stock solution of 1 mg mL™ of Ag@ZnO was prepared
in ultrapure water by sonication for 15 min. Under continuous magnetic stirring, a 500 pL
aliquot of Ag@zZnO stock solution was mixed with 500 pL of an aqueous solution of pre-
synthesized C-dots (1.3 mg mL™). The reaction was allowed to proceed for 24 h at room
temperature. The product was then centrifuged at 18 000 rpm for 20 min to remove the excess
unreacted C-dots. The CD-Ag@ZnO NC was collected as pellets and was reconstituted

to a final volume of 1 mL using ultrapure water.

3.2.5 Synthesis of chitosan-based hydrogel formulations
C-dots were synthesized by following a similar protocol explained in section a section 3.2.1.
Herein, Chitosan was used as the carbon source in conjugation with bPEI as a surface

passivating agent.

Chitosan hydrogels (HY) were synthesized according to pre-existing scheme with slight
modifications (Konwar et al., 2015). Briefly, 0.1 g of chitosan powder was added to a 6 mL
aqueous solution (1 % v/v) of acetic acid containing 300 pL of glycerol and magnetically
stirred for 3 h. Here, glycerol acts as an ionic cross-linker for chitosan chains. After complete
chitosan dissolution, 5 N NaOH solution (1.5 mL) was added drop-wise to the above mixture.
White precipitate formation takes place instantaneously upon the addition of NaOH due to
gelation. The resultant precipitates were washed several times with water to remove excess
reactants. Finally, the product was lyophilized (Delvac Mini Lyodel, India) at -80 °C (0.080
mbar) for 4 h to obtain white, freeze-dried hydrogels.

Similarly, for synthesis of chitosan-C-dots (CD-HY), chitosan-5-FU (5-FU@HY) and
5-FU loaded chitosan-C-dots hydrogels (5-FU@CD-HY), aqueous solution of pre-synthesized
C-dots (1.3 mg mL™) and 5-FU (3 mg mL™) were added to chitosan-glycerol mixture before
gelation.

3.3 Characterization techniques

3.3.1 UV-visible spectroscopy

Absorption spectra of the samples (200-700 nm) were recorded using Lasany LI-2800 double-
beam spectrophotometer.

3.3.2 Fluorescence spectroscopy

Fluorescence spectral measurements were carried out using a Hitachi F-4600 fluorescence

spectrophotometer and a Biotek, Cytation 3 multi-mode microplate reader, respectively.
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3.3.3 Field-emission scanning electron microscopy (FE-SEM)

Morphological examination and elemental analysis of the as-prepared samples was carried out
by Ultra plus-Carl Zeiss microscope equipped with energy dispersive X-ray spectrometry
(EDS). FE-SEM sample was prepared by depositing a drop of solution on a silicon substrate
which was then air-dried and mounted on aluminium stubs. The sample was then sputter coated
with gold using Denton gold sputter unit to minimize charging during imaging, before
analyzing under FE-SEM.

3.3.4 Transmission electron microscopy (TEM)

Suitable dilutions of the samples were drop-cast onto the carbon-supported copper grids (200
mesh, Icon Analytical) and air dried. Images were acquired with a FEI Technai G2 TEM
operating at 200 keV. Particle size analysis was performed using Image J software
(http://rsb.info.nih.gov/ij/download.html). High resolution TEM (HRTEM) images were
processed using Gatan Digital Micrograph software to obtain Inverse Fast Fourier Transform
(IFFT) images.

In case of chitosan-based hydrogel formulations, negative staining was done with 2 %
phosphotungstic acid for contrast enhancement and improvement of image quality. EDS
accessory was used for performing elemental analysis.

3.3.5 Zeta potential and dynamic light scattering (DLS) measurements

Appropriate aqueous dilution of the sample was taken in a folded capillary cell supported with
platinum electrodes and inserted in the sample holder of the Malvern Zetasizer Nano ZS90 (25
°C) for analysis. Zeta potential values and hydrodynamic sizes were calculated by a built-in
Dispersion Technology Software of the zetasizer.

3.3.6 X-ray diffraction (XRD)

XRD patterns were obtained using a using a Bruker AXS D8 advance powder X-ray
diffractometer (Cu, radiation, A = 1.5406 A) in the range of 10°-90° at a scan rate of 1° min ™.
PANalytical X pert High Score Plus software was used for the analysis and refinement of XRD
profiles of the samples.

3.3.7 Fourier transform infrared (FTIR) spectroscopy

FTIR spectrum of the samples was obtained by Thermo Nicolet spectrometer in the range
4000-400 cm™* by using the KBr disc method.

3.3.8 CHNS analyzer

Elemental analysis was carried out on an Elementar Analysensysteme GmbH variomicro
CHNS.
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3.3.9 Thermogravimetric analysis (TGA)
Thermal stability of the samples was interpreted from the thermograms obtained from TG/DTA
SIl 6300 EXSTAR thermal analyzer. Approximately, 10 mg of the respective sample was
heated at a constant rate of 10 °C/min under the flow of nitrogen gas and weight
loss at various stages was recorded.
3.3.10 Fluorescence lifetime measurements
A Horiba Jobin Yvon Fluoro Cube Fluorescence Lifetime System equipped with a Nano LED
(635 nm) source was used for recording the fluorescence decay curves. IBH decay analysis
v 6.1 software was used for fluorescence decay and lifetime analysis.
Average lifetime (ta,) Was calculated by using the following equation:

Tav = Q171 T A2T2 + A3T3
where 1, T2 ,t3 Were the first, second and third component of the decay time of the sample and
ai, ap , az were the corresponding relative weightings (emission %) of these components,
respectively.
3.3.11 Surface area analysis
Nitrogen adsorption-desorption isotherms of freeze-dried samples were recorded on
Quantachrome NOVA 2200e high speed automated surface area analyzer. The samples were
degassed at 150 °C for 2 h. Specific surface area and pore volume was determined by
Brunauer-Emmett-Teller (BET) method using the Nova Win software.
3.3.12 Fluorescence microscopy
An EVOS FL Color, AMEFC 4300 fluorescent inverted microscope was used to obtain
microscopic images at various magnifications under bright-field, DAPI (excitation 360 nm,
emission 447 nm), GFP (excitation 470 nm, emission 525 nm) and RFP (excitation 530 nm,

emission 593 nm) light cubes, respectively.

3.4 Quantum yield measurements
Quinine sulphate was chosen as a reference fluorophore having a quantum vyield of 0.54 at
360 nm. Fluorescence quantum yield of the samples in water was calculated according to the

following equation:

I Ap 7
Q=Qp X— X = x =
IR~ A i

where, Q is the quantum vyield of desired sample, | is the measured integrated emission
intensity (area under the curve), refractive index being n and A means the optical density.

Subscript R denotes the reference fluorophore of known quantum yield. To eliminate the
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chances of re-absorption effects, the absorption in 10 mm cuvette was always kept under 0.1 at
the excitation wavelength. The emission range of the samples was kept between 375-700 nm.

3.5 Photostability test
The stability in emission was evaluated by continuous excitation of the samples kept in a
10 mm cuvette inside a fluorescence spectrophotometer (Hitachi F-4600) equipped with Xenon

arc lamp. The emission of the samples was monitored within a time scan of 9000 s (2.5 h).

3.6 SDS-PAGE (Sodium dodecyl sulphate- polyacrylamide gel electrophoresis)

Samples were loaded to a 12 % denaturing gel and electrophoresis was performed at 120 V for
1 h using Biorad Mini-Protean electrophoresis unit. After electrophoresis, the fluorescent bands
were excised and visualized under different excitation filters using inverted microscope (EVOS
FL® Color, AMEFC 4300).

3.7 pK, value estimation

The excited state pK, value of the samples was calculated according to the following equation:
PKa* = pHix+lg [(Ie -1x)/ (Ix- IHe+ )]

where Ig represents the fluorescence intensity at absolute base form, Iy is the fluorescence

intensity at the pH chosen and Iyg+ is the fluorescence intensity of absolute acid form,

respectively.

3.8 Determination of antioxidant activity of C-dots derived from coriander leaves
Antioxidant potential was measured by 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical
assay with few modifications (Pyrzynska et al., 2013, Das et al., 2014 and Purkayastha et al.,
2014). Precisely, different concentrations of C-dots were added to 0.5 mL of 50 uM methanolic
solution of DPPH. Final volume of all the solutions was adjusted to 0.6 mL. The samples along
with appropriate controls were incubated for 30 minutes in dark environment. 0.1 mL aliquots
of all the samples were added to 96- well plate. Change in absorbance of DPPH was measured
at 517 nm using a multi-mode microplate reader (Biotek, Cytation 3). Percentage radical
scavenging activity of C-dots was calculated using the following formula:
% Scavenging activity = (ADs17— ASs17/ ADs;7) X 100
where, AD and AS are the absorbance of the DPPH solution (without C-dots) and sample

solution (with C-dots), respectively.
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3.9 Procedure for ion sensing by C-dots derived from coriander leaves

All the metal ion stock solutions were prepared from their respective salts. Aqueous solutions
of these metal ions were further diluted with deionized water to obtain a final concentration of
60 PM. Each of the metal ion solution was mixed with C-dots (10 pL, 0.1 mg mL™), stirred and
incubated for 15 min at room temperature. Aliquots were transferred to 96-well black plate and
fluorescence measurements were done. For Fe** sensing, similar steps were followed. In a
typical assay, 10 pL of C-dots solution was added to 1 mL Fe** salt solutions of different
concentrations. The fluorescence intensity and spectra were recorded at an excitation

wavelength of 320 nm.

3.10 Fluorescence measurements in aqueous medium

The effect of H,O, on fluorescence of CDs and CDs-CeO, NC was studied as follows: In a
typical assay, PBS buffer solutions (pH 7.4) containing various concentrations of H,O, were
mixed with a dispersion of CDs or CDs-CeO, NC (each used at a final concentration of 0.5 mg
mL™). Final volume of the solutions was adjusted to 1 mL. The resulting solutions were
incubated further for 30 min at room temperature. 100 pL of each solution was transferred to
the respective wells of a 96-well black plate. The fluorescence spectrum was recorded for each
well at an excitation wavelength of 360 nm within an emission range of 390-700 nm.

3.11 Swelling studies

A known amount of freeze-dried hydrogel formulations was immersed in 2 mL of phosphate
buffer saline (PBS, pH 7.4) and kept at room temperature for 24 h. These samples were taken
out from the PBS solution, wiped carefully with tissue paper to remove surface droplets and

weighed in swollen state. % Swelling was expressed using the following equation:

_ w2 -w1
% Swelling = Wi %X 100

where, W1 is the weight of dried sample and W2 is the weight of the sample in swollen state
after 24 h.

3.12 Mechanical testing

Mechanical properties were studied using small scale mechanical tensile tester machine
(Bose ElectroForce 3230 Series I11). The tensile testing was done on a 450 N load cell at a
speed of 0.1 N/s using a maximum load of 200 N. For this specific purpose, the hydrogel
solutions were dried at 45 °C overnight to yield hydrogel films (thickness ~ 0.8 mm).
Rectangular strips of the samples having dimensions 8.5 x 3.2 x 0.8 mm were cut and clamped
vertically. The signals of load and displacement were recorded throughout the experiment.
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Stress was computed by dividing the force produced through extension by the initial cross-
sectional area, whereas strain was calculated by dividing the extended length by original length.
Stress-strain curves were then plotted for working out the tensile strength (TS) and percent

elongation at break for the samples.

3.13 Entrapment of 5-FU

Entrapment efficiency (EE) of 5-FU in 5-FU@CD-HY was estimated by centrifuging the
formulation at 10 000 rpm for 15 min. The supernatant containing free 5-FU was collected and
absorbance was recorded at 266 nm using UV-vis spectrophotometer. Accordingly, the
concentration of free drug was calculated from the concentration-absorption curve of 5-FU
(using the regression equation: y = 0.0478x + 0.02, R? = 0.9995). The EE was calculated as

follows:

weight of 5 — FU added — weight of free 5 — FU in supernatant
EE% = - x 100
weight of 5 — FU added

3.14 In vitro release profile of 5-FU

50 mg of freeze dried 5-FU@CD-HY was separately dispersed in 4 mL of PBS (pH 7.4) and
acetate buffer (pH 5.5) and incubated for 48 h in a 37 °C thermostatically-controlled oven under
mild agitation (100 rpm). At each specific time point, namely, 3, 6, 9, 12, 24, 36 and 48 h,
sample was centrifuged at 10 000 rpm for 10 min and supernatant was collected. The
absorbance of the released 5-FU from 5-FU@CD-HY in the collected buffer solution was
measured spectrophotometrically at 266 nm. Next, the concentration of 5-FU at each time point
was determined from the concentration-absorption curve of 5-FU. The percentage of 5-FU
released was calculated by using the following equation:

Amount of 5-FU released in the supernatant

Total amount of 5-FU loaded in 5-FU@CD-HY x 100

Cumulative release % =

3.15 Cell culture

A549 (human lung adenocarcinoma), BHK-21 (Baby hamster kidney fibroblast), MCF-7
(breast adenocarcinoma), L-132 (human normal lung epithelial) and NIH3T3 (mouse
embryonic fibroblast cells) were procured from National Centre for Cell Sciences (NCCS)
Pune, India. These cell lines were cultured in DMEM supplemented with 10 % (v/v) FBS and
1% penicillin-streptomycin solution. The cells were maintained at 37 °C in a 5 % CO,
incubator under humidified conditions. Cells were subcultured as and when required for

various assays.
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3.15.1 MTT assay

Cellular viability upon exposure to varying concentrations of test samples was assessed by
colorimetric MTT assay. This method is based on the measurement of mitochondrial activity of
live cells to transform a yellow MTT solution to a purple formazan product. Typically,
10%cells/well were seeded in 96-well cell culture plates (Corning, Costar) and allowed to attach
for 12 h. The cells were then treated with medium (DMEM) containing different concentrations
of test samples for specific periods of time. Following incubation, medium from each well was
discarded and cells were briefly washed with PBS. Fresh medium (100 pL) containing 10 uL of
MTT reagent (5 mg mL™ in PBS) was added to each well. After 4 h, the MTT containing
medium was aspirated again and 150 pL of dimethyl sulfoxide (DMSO) was added to dissolve
the formazan crystals in each well. The absorbance of the purple formazan crystals (570 nm) in
each well was quantitated using multi-mode plate reader (Biotek, Cytation 3). Cells without
any sample treatment (in DMEM) were used as control. Relative cell viability [mean (%) *
SEM, n=3] was estimated as follows:

(A570 — A690) for treated cells

11 viability (%) = X
Cell viability (%) (A570 — A690) for control cells

MTT assay for various chitosan-based hydrogel formulations was performed with slight
modifications. Cells were seeded in 24-well cell culture plates (Eppendorf) at a density of 2 x
10* cells/well. After 24 h, sterile pieces of corresponding hydrogel formulations of uniform
weight (0.5-2 mg) containing different amounts of 5-FU and CDs were added to the
cell culture medium and incubated for 48 h. The successive steps were similar to those
elucidated above.

3.15.2 Evaluation of bioimaging potential of CD-PEI and CD-PEG

In order to explore the bioimaging efficiencies of CD-PEI and CD-PEG, A549 and BHK-21
cells were seeded in 35 mm cell culture plate (Eppendorf) containing 2 mL of DMEM. After
appropriate growth of the cells, equal concentration of 0.22 um filtered sterilized aqueous
suspension of CD-PEI and CD-PEG (5 mg mL™) were added to respective dishes under similar
conditions. After an incubation of 1 h, the medium containing CD-PEI and CD-PEG was
removed. The cells were then washed twice with PBS to remove any media traces left over.
The cells were retained in PBS during optical imaging. Bioimaging efficiencies of CD-PEI and
CD-PEG were assessed by examining the labelled A549 and BHK-21 cells under inverted
fluorescent microscope (EVOS FL Color, AMEFC 4300).
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For quantitative analysis of bioimaging, 10°> A549 cells were seeded in 35 mm cell culture
plates. After 12 h, equal concentration of CD-PEI and CD-PEG (5 mg mL™) were added to
appropriate plates and further incubated for 1 h. Cells were then trypsinized, collected and
washed briefly with PBS to remove unbound CDs. Fluorescence spectroscopy and quantum
yield measurements for CDs labelled cells were performed by preparing equivalent dilutions

for comparative purposes.

3.15.3 Bioimaging and cellular distribution of C-dots derived from coriander leaves
For exploring the bioimaging potential of C-dots, A549 and L-132 cells were seeded at a
density of 2 x 10° in 2 mL DMEM in 35 mm cell culture plates. Consequently, fresh medium
containing 0.5 mg mL * filter sterilized C-dots were added to the respective plates and
incubated for 12 h. After washing with PBS twice, the cells were imaged using a fluorescence
inverted microscope. Cellular distribution of C-dots was studied in a similar manner, except
that the cells were stained with 3 pL of Hoechst 33342 (working concentration-10 mg mL ™)
and incubated for 15 min before imaging the cells under fluorescence microscope. For flow
cytometry, C-dots treated and untreated A549 and L-132 cells were trypsinized, collected and
resuspended in PBS for analysis. The cell suspension was then analyzed using a flow cytometer
(Amnis Flowsight) under 488 nm excitation laser by recording 10 000 events in the appropriate

channel. Collected data was analyzed using Amnis Ideas software.

3.15.4 Protective effect of CDs-CeO, NC against ROS in vitro

Cells were seeded in 96-well cell culture plates and exposed to varying concentrations of
CDs-CeO, NC for 24 h before H,O, treatment. Medium from each well was discarded and
fresh medium containing 750 uM H,O, was added. After 4 h incubation, the viability of the

cells was determined by the MTT assay.

3.15.5 Inductively coupled plasma mass spectrometry (ICP-MS)

NIH3T3 cells were seeded at a density of 2 x 10° cells on individual 35 mm cell culture dishes
and treated with 10 ug mL™ CDs-CeO, NC for different time spans. At each time point,
medium was removed and cells were washed twice with PBS to remove excess of
nanocomposites. Digestion of the cells was performed by adding 1 mL of concentrated nitric
acid solution (16 M). The digested solution was then harvested, diluted with deionized water
and analyzed by ICP-MS to determine the cellular concentration of cerium. Duplicate readings

were analyzed for each sample. Results were expressed as mean amount of cerium in pg/cell.
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3.15.6 Cellular uptake and flow cytometeric evaluation of CDs-CeO, NC

The uptake of CDs-CeO, NCs or blank CDs was monitored qualitatively by fluorescence
microscope. Precisely, NIH3T3 cells (2 x 10° cells/well) were seeded on 6-well cell culture
plates and allowed to attach for 6 h. For time-dependent uptake, cells were incubated with CDs-
CeO, NC or blank CDs (50 ug mL™) for different periods of time. In order to visualize co-
localization, cells were counterstained with 1 pL of Lysotracker Red (stock-100 uM) at specific
points and incubated further for 10 min. A brief PBS wash was given and cell images were
acquired under DAPI (for CDs-CeO, NC) and RFP (for Lysotracker Red) filters of

fluorescence microscope.

Intracellular fluorescence intensity of cells treated with CDs or CDs-CeO, NC in absence and
presence of H,0, was measured through flow cytometry. In these experiments, 2 x 10° cells
were plated in individual 35 mm cell culture dishes and treated with the respective samples.
After incubation, the cells were further treated with 750 puM of H,O, and kept for 4 h.
Untreated cells were used as control. Subsequently, cells were trypsinized and suspended in
PBS (200 uL) for flow analysis. Plot of normalized frequency % in channel 3 was recorded by
using a 488 nm laser. Collected data (10 000 gated events) was analyzed by Amnis ideas

software.

3.15.7 Acridine orange/ethidium bromide (AO/EB) staining

To distinguish between live, apoptotic and necrotic cells, the cells were stained with 10 pL of
the dual-dye mixture AO/EB (working concentration-10 ug mL™). Cells were grown in 6-well
tissue culture plates (Eppendorf) and treated with different concentrations of the test samples.
After the specified incubation time, the culture media was removed. Cells were then washed
twice with PBS and stained with AO/EB in PBS. Images were captured under GFP and RFP

filters of fluorescence microscope.

3.15.8 Cellular characterization via FE-SEM

For morphological analysis by FE-SEM, cells were cultured till 70-80 % confluency on glass
cover slips on a 35 mm cell culture dish and then treated with certain concentration of test
sample for 12 h. Untreated cells were cultured in DMEM and were used as reference.
Afterwards, treated as well as untreated cells were washed with PBS and fixed with 2 %
glutaraldehyde solution for 15 min on cover slips. Traces of glutaraldehyde were removed by
ethanol/water gradient treatment. Cover slips with attached cells were air-dried, gold

coated prior to examination by FE-SEM (Ultra plus-Carl Zeiss).
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3.15.9 Determination of reactive oxygen species (ROS)

Intracellular ROS levels in the cells were investigated by DCFH-DA dye based assay. Upon
cellular uptake the non-fluorescent DCFH-DA compound gets oxidized to highly fluorescent,
dichlorofluorescein (DCF) by the action of intracellular esterases which forms the basis of ROS
detection. For this purpose, NIH3T3 cells (2 x 10°) were plated in individual 35 mm cell
culture dishes and incubated with different concentrations of CDs-CeO, NC or CeO;
nanoparticles for 24 h prior to H,O, exposure. Untreated cells were used as control to
determine the normal level of ROS in cells. Thereafter, cells were washed with PBS and
exposed to 750 uM of H,0, for 4 h. Cells were resuspended in PBS containing DCFH-DA dye
(working concentration- 20 pM) and incubated for 30 min at 37 °C for dye diffusion. Images
were taken using the GFP filter of the fluorescence microscope. Quantitative assessment of
ROS was carried out through flow cytometer in a similar manner. A similar treatment regime
was followed as mentioned above. For flow analysis, cells were trypsinized and cell suspended
in PBS. The fluorescence intensity of the oxidized product, DCF was measured using 488 nm
excitation laser of flow cytometry. For each sample, Amnis ideas software was used to analyze
10 000 gated events acquired in channel 2 and ROS generation was expressed in terms of

percentage of cells expressing green (DCF) fluorescence.

Additionally, the determination of ROS production in MCF-7 and A549 cells treated with
CD-Ag@Zn0O NC was done through flow cytometry. In this case, cells were seeded in 6-well
tissue culture plate (2 x 10° cells/well) and treated with varied concentrations of CD-Ag@ZnO
NC or Ag@ZnO for 3 h. After twice PBS wash, 1 mL of DMEM containing 20 uM DCFH-
DA, dye was added and incubated for 15 min at 37 °C. Subsequent steps for flow cytometeric

analysis were similar as described above.

3.15.10 Cellular uptake studies of CD-Ag@ZnO NC

3.15.10.1 Qualitative and quantitative cellular uptake

Cellular uptake was monitored qualitatively through fluorescence microscopy. MCF-7 and
A549 cells were seeded on 6-well cell culture plates at a density of 2 x 10° cells/well. After
12 h, different concentrations of the test samples were added to the wells. At the end of
incubation, the medium was removed and the cells were washed twice with PBS to remove the
unbound sample. The cells were then observed under fluorescence microscopy. For the
quantitative determination of cellular uptake, 10* cells/well (100 pL) were seeded into 96-well
black cell culture plates and incubated overnight for cell attachment. Different concentrations
of CD-Ag@ZnO NC were added into the wells and incubated for different periods of time. At
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the end of the incubation, the cells were washed twice to remove the unbound dead cells. Next,
100 pL of 0.5 % Triton X-100 in 0.2 M NaOH solution was added for cell lysis. A multi-mode
microplate reader was used to quantify the fluorescence intensity from the released
CD-Ag@ZnO NC inside the wells at excitation and emission wavelengths of 320 and 400 nm,

respectively.

3.15.10.2 Hoechst 33342 staining

Real-time nuclear uptake was monitored by incubating MCF-7 and A549 cells in 6-well cell
culture plates with similar concentrations of CD-Ag@ZnO NC for specified periods of time.
After specific time spans, the cells were stained with 3 puL of Hoechst 33342 (working
concentration-10 mg mL™) and incubated for 15 min. Finally, the cells were given a brief wash
with PBS and stored in PBS for imaging. An overlay of cell images was obtained by capturing

images under the DAPI and GFP filters of the fluorescence microscope.

3.15.10.3 Atomic absorption spectroscopic analysis

MCF-7 and A549 cells were seeded in 6-well cell culture plates (2 x 10° cells/well) and
exposed to different concentrations of CD-Ag@ZnO NC in duplicate for 3 h. The cells were
thoroughly washed and counted after exposure. The cells were then harvested by adding 1 mL
of lysis solution (0.5 % Triton X-100 in 0.2 M NaOH solution). The uptake of Ag and Zn by
the A549 and MCF-7 cells was assessed quantitatively by graphite furnace AAS (Avanta M,
GBC Scientific Equipment). Calibration standards for Ag and Zn at concentrations of 2, 3 and
4 ppm and 0.5, 1 and 1.5 ppm, respectively, were prepared from commercially available

standards. The results were expressed as the cellular dose of Ag or Zn in pg/cell.

3.15.11 Release of Ag and Zn ions in DMEM

To examine the dissolution of CD-Ag@ZnO and Ag@ZnO in DMEM, the concentrations of
Ag and Zn ions released from CD-Ag@ZnO and Ag@ZnO after incubation at various time
points were measured. At each time point, the samples were centrifuged at 14000 g for 20 min
and the supernatant was collected. Appropriate dilutions of the samples were digested
with nitric acid (final concentration 1 %) before analysis. Finally, the resulting Zn and Ag ion
concentrations were determined by graphite furnace AAS using pure Ag (2, 3 and 4 ppm) and

pure Zn (0.5, 1 and 1.5 ppm) standards as reference.

3.15.12 Qualitative and quantitative assessment of cellular uptake of 5-FU@CD-HY

A549 cells were seeded on 6-well cell culture plates at a density of 2 x 10° cells/well and
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allowed to attach overnight. Following attachment, different concentrations of CD-HY and
5-FU@CD-HY were added in the respective wells. After 48 h incubation, media was removed
from each well and replaced with 1 mL PBS containing 3 uL Hoechst 33342 (working
concentration-10 mg mL™) for nuclear staining. Real-time monitoring of cellular uptake and
morphological changes were observed through fluorescence microscope equipped with DAPI
(for Hoechst 33342) and GFP (for CDs) filters. For time-dependent uptake studies, the cells
were incubated with 5-FU@CD-HY for different periods of time to observe co-localization. At
each specified time point, the cells were co-stained with 1 puL of Lysotracker Red (stock-100
pM) and incubated for 10 min. After incubation, the excess dye was removed by washing with
PBS. Cell images were then captured and processed using GFP (for CDs) and RFP (for

Lysotracker Red) filters of fluorescence microscope.

Quantitative cellular uptake studies of CD-HY and 5-FU@CD-HY treated A549 cells were
carried out through flow cytometry. In these experiments, the green fluorescence of CDs
was used to distinguish between treated and untreated cells. Cells (2 x 10°) were plated in 35
mm cell culture plates and left for attachment overnight. CD-HY and 5-FU@CD-HY with
equivalent weight concentration were added to cells. Untreated cells were used as control. Cells
were then trypsinized, collected and suspended in PBS (200 pL) for flow analysis. A 488 nm
laser was used to excite CDs in hydrogel formulations and plot of normalized frequency % in

channel 2 was acquired by collecting 10000 events for each sample.

3.15.13 Cell cycle analysis

Cells were grown in 6-well cell culture plates and incubated with appropriate concentrations of
CD-HY, 5-FU@CD-HY and equivalent concentration of free 5-FU (6.4 pg mL™) for 48 h.
Floating as well as adherent cells were harvested by trypsinization, suspended in PBS
and fixed with 70 % ethanol solution in ice for 15 min. Fixed cells were then subjected to
standard propidium iodide (PI) staining (50 pg mL™ PI, 1 mg mL™, RNase A and 0.05 % triton
X-100) and kept at 37 °C for 45 min in dark. Cell cycle distribution of cells was analyzed using
flow cytometer by collecting 10 000 events for each sample. Cell debris and fixation artefacts
were eliminated by appropriate gating of cell population. The amount of Pl-labelled DNA in
each phase of cell cycle was quantified by recording the red fluorescence of PI in channel 4.

3.15.14 Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR)
For gene expression studies, cells were treated with respective concentration of test samples

and incubated for specific time spans. Untreated cells were used as reference. Afterwards, total
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RNA isolation was done using Tri reagent method. cDNA synthesis was done by reverse
transcription reaction of total RNA using Super Script 1l Reverse Transcriptase. cDNA product
was further used for gene specific amplification of apoptotic genes by RT-PCR (Veriti,
Applied Biosystems, Thermo Fisher Scientific). The cycling steps (35 cycles) involved an
initial denaturation at 94 °C for 3 min followed by PCR denaturation at 94 °C for 30 s,
annealing at 60 °C for 30 s, extension at 72 °C for 1 min and final extension at 72 °C for 10
min. The amplified PCR products were finally resolved on EtBr stained 1.2 % agarose gel and
visualized under UV light inside a gel documentation system (Bio-Rad). The fold difference in
expression was computed using Image lab 4.0 software. The pro-apoptotic set of genes utilized
for gene expression studies included p53, bax, bad, c-myc, caspase 3, while the anti-apoptotic
genes considered were bcl-2 and bcl-xI. The housekeeping gene B-actin was selected as internal
control. The forward and reverse primer sequences for all the primers used in the study are

mentioned in Table 3.1.

3.15.15 Statistical analysis
Statistical data for individual experiments were expressed as mean * standard error mean
(SEM) of three or more independent events. Data analysis was done via two-way ANOVA and

student’s t-test (wherever applicable) using GraphPad Prism 6.0.
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Gene Primers

Beta-actin Forward: 5> CTGTCTGGCGGCACCACCAT 3’
Reverse : 5 GCAACTAAGTCATAGTCCGC 3’

p53 Forward: 5> TGGCCCCTCCTCAGCATCTTAT 3°
Reverse : 5 GTTGGGCAGTGCTCGCTTAGTG 3°

Caspase 3 Forward : 5> TTCAGAGGGGATCGTTGTAGAAGTC 3’
Reverse : 5° CAAGCTTGTCGGCATACTGTTTCAG 3’

C-myc Forward : 5> CCAGGACTGTATGTGGAGCG 3’
Reverse : 5 CTTGAGGACCAGTGGGCTGT 3°

Bax Forward : 5> AAGCTGAGCGAGTGTCTCAAGCGC 3’
Reverse : 5° TCCCGCCACAAAGATGGTCACG 3’

Bad Forward : 5> CCTTTAAGAAGGGACTTCCTCGCC 3°
Reverse : 5’ ACTTCCGATGGGACCAAGCCTTCC 3’

Bcl-xI Forward : 5’ ATGGCAGCAGTAAAGCAAGC 3’
Reverse : 5> CGGAAGAGTTCATTCACTACCTGT 3’

Bcl-2 Forward : 5> TCCGCATCAGGAAGGCTAGA 3’
Reverse : 5> AGGACCAGGCCTCCAAGCT 3’

Table 3.1 Forward and reverse primer sequences for various apoptotic signalling genes.
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CHAPTER 4

INVESTIGATION OF PHYSICOCHEMICAL AND
BIOIMAGING PROPERTIES OF SURFACE
TAILORED C-DoTs

4.1 Overview

Luminescent C-dots are a new addition to the world of quantum-sized fluorescent
nanomaterials and have shown enormous potential for bio-applications (Li et al., 2012a and
Luo et al., 2013). Microwave mediated synthesis has been used most frequently for
synthesizing C-dots in a rapid and facile way. However, the technique is associated with some
disadvantages, such as low quantum yield and low brightness of C-dots (Sachdev et al., 2013).
To alleviate these problems, surface passivation in conjugation with hydrothermal synthesis
route can be adopted (Liu et al., 2011 and Liu et al., 2012a). By this method brighter C-dots can
be produced in a single step with higher quantum yields without any post-synthetic treatments.
Bioimaging applications of functionalized C-dots have become one of the hot topics of research
ever since its inception. Conversely, the effect of positive and negative charged surface
passivation agents on bioimaging efficiencies of C-dots have not been addressed as yet. Most
of the available reports till date suggest the fluorescence emission of C-dots in blue or green
spectral region. Multicolour emitting C-dots that can be excited even at longer wavelengths for
red fluorescence emission could be advantageous for bioimaging purposes, thereby
circumventing the problem of tissue autofluorescence. In view of the above issues, the present
study reports one-pot hydrothermal synthesis of surface functionalized C-dots from chitosan.
The surface functionality of the C-dots has been tailored by using polymeric passivating agents
of different nature (PEI/PEG) under identical reaction conditions. The rationale behind the
study is to evaluate the optical performance and bioimaging competence of different surface
functionalized C-dots (CD-PEI/CD-PEG). Further, the study investigates their potential as
biocompatible imaging agents using BHK-21 (normal) and A549 (cancer) cell lines.
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4.2 RESULTS AND DISCUSSION

4.2.1 Synthesis and characterization of CD-PEI/CD-PEG

Hydrothermal based carbonization is a convenient and rapid approach for formation of CD-PEI
and CD-PEG. Chitosan has a low carbonization temperature, while PEI and PEG can passivate
the surface of C-dots due to their respective polyamine and polyhydroxyl structures (Sun et al.,
2006, Li et al., 2010a, Dong et al., 2012, Liu et al., 2012a, Kim et al., 2013 and Sachdev et al.,
2013). Under similar hydrothermal conditions, high temperature and pressure caused the
carbonization of chitosan along with simultaneous in situ passivation by PEI and
PEG to yield CD-PEI and CD-PEG. To eliminate the ambiguity of stability and also to rule out
the speculation regarding PEI and PEG being carbonized, both were subjected to hydrothermal
treatments under similar conditions in separate experiments. The colour of the solutions
remained unchanged and no emission was observed. Based on our investigation, we propose
the formation scheme for CD-PEI and CD-PEG (Fig. 4.0). The aqueous solutions of CD-PEI
and CD-PEG exhibit significant bright green luminescence when irradiated with UV light
(inset in Fig. 4.1 (A)) (Sahu et al., 2012). CD-PEI and CD-PEG were also examined for their
optical properties. As shown in Fig. 4.1 (A) CD-PEI depicts two absorption bands at 288 nm
(n-m transition) and 334 nm (n-x" transition), while CD-PEG shows a single absorption band at
248 nm (n-n transition) (De et al., 2013). The fluorescence spectra of CD-PEI and CD-PEG
depict an excitation dependent emission phenomenon, as illustrated in Fig. 4.1 (B) and (C). For
CD-PEI, the increase in excitation wavelength from 320 nm to 520 nm resulted in shifting of
maximum emission from 445 nm to 554 nm, with a concurrent decrease in emission intensity.
The phenomenon of progressive red shift in emission spectra was also observed for CD-PEG,
affecting a shift in its maximum emission from 400 nm to 490 nm. It is worth
mentioning that shift in emission peak of C-dots is an indication of multicolour fluorescence.
However, CD-PEI tends to have stronger emission intensity than CD-PEG under similar
excitation wavelengths. The maximum emission for CD-PEI and CD-PEG was recorded at an
excitation wavelength of 360 nm and 320 nm, respectively. The origin of emission in C-dots
can be attributed to surface effects contributing to complexity of excited states along with the
size dependent effects, as reported previously (Cao et al., 2007 and De et al., 2013). The
quantum yield of CD-PEI and CD-PEG was measured using quinine sulphate as a standard and
found to be 13.15 % and 7.01 %, respectively (Table 4.1), which was adequately bright for
bioimaging as well as higher than our earlier reported values (Sachdev et al., 2013). The
fluorescence lifetime decay curve of CD-PEI and CD-PEG and their average lifetime data have
been given in Fig. 4.2 and Table 4.2. For both the samples, the decay curves can be fitted to a

triple exponential function (Liang et al., 2013b and Bhunia et al., 2013). The mean lifetime for
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CD-PEI and CD-PEG was calculated to be 6.193 ns and 4.825 ns, respectively. Such shorter
lifetimes indicate radiative recombination of excitations (Zhu et al., 2009). Conclusively,
enhanced quantum vyield and average lifetime of CD-PEI could be due to the incorporation of N
heteroatoms (Zhai et al., 2012 and Park et al., 2016). TEM images of CD-PEI (Fig. 4.3 (A))
and CD-PEG (Fig. 4.3 (B)) reveal a pattern of uniform dark dots with near spherical
morphology. The average size of CD-PEI and CD-PEG was determined to be 3.4 + 0.46 nm
and 3.9 £ 0.48 nm, respectively from the particle size distributions (insets in Fig. 4.3).
Dynamic light scattering (DLS) measurements predict that CD-PEI and CD-PEG (Fig. 4.4)
have an average diameter around 4.10 nm and 7.85 nm, respectively. In general, the
hydrodynamic diameter is slightly larger than dried-state diameter. Similarly, the
hydrodynamic diameter in both the cases was bigger than that estimated by TEM, which might

be due to polymeric surface passivation of C-dots (Yin et al., 2013).
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Figure 4.1 (A) UV-vis absorption spectra of CD-PEI (black) and CD-PEG (red).The insets are
the diluted aqueous solution of as-prepared CD-PEI and CD-PEG in ambient light(left) and

UV-light (right).(B) Fluorescence emission spectra of CD-PEl at different excitation

wavelengths (inset: normalized emission spectra). (C) Fluorescence emission spectra of CD-

PEG at different excitation wavelengths (inset: normalized emission spectra).

Sample Integrated Absorbance Refractive Quantum yield
emission at 360 nm (A) | index of solvent | at 360 nm (Q)
intensity (1) ()

Quinine sulphate 796366 0.0860 1.33 0.54 (known)

CD-PEG 127103 0.1057 1.33 0.0701

CD-PEI 241753 0.1072 1.33 0.1315

Table 4.1 Quantum yield calculation of C-dots.
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Figure 4.2 Fluorescence decay curve of (A) CD-PEI (A& = 360 nm; Aem = 460 nm) and

Sample a 71(NS) a 7,(NSs) as 73(NS) | Tay(NS) '
CD-PEI | 0.0912 | 1.221 | 0.6174 | 4.979 | 0.2913 | 10.326 | 6.193 | 1.173
CD-PEG | 0.5002 | 3.316 | 0.2125 | 0.746 | 0.2873 | 10.470 | 4.825 | 1.219

Table 4.2 Tabular representation of fluorescence lifetime calculation of CDs.

(A)

Figure 4.3 TEM images of C-dots. (A) CD-PEI
distribution histograms of C-dots.

and (B) CD-PEG. The insets are the size
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Fig. 4.5 represents the EDAX spectrum of CD-PEI and CD-PEG, signifying the presence of
carbon, oxygen and nitrogen elements. From the results, it can be seen that the CDs are
predominantly composed of carbon. Their composition was mainly dictated by the nature of
passivating agent. Higher nitrogen content in CD-PEI probably suggested the presence of
amino groups, while higher oxygen content indicated the presence of hydroxyl groups in
CD-PEG. XRD patterns of CD-PEI and CD-PEG (Fig. 4.6 (A)) display a broad peak at 26
values of 26.84° and 22.63° respectively, corresponding to (002) plane of nanocarbon. CD-PEI
shows an additional weak peak at 20 = 42.03°, which is attributed to (101) plane. The obtained
patterns confirm the amorphous nature of CDs (Zhu et al., 2013c and Pandey et al., 2013). The
presence of various functional groups was further explained through FTIR to establish the exact
chemical nature of CD-PEI and CD-PEG. Notably, the FTIR spectra of CD-PEG shows peaks
at 3432 cm™ 1638 cm™ ,1406 cm™ and 1091 cm™ corresponding to O-H, C=0 , C-N and
C-O-C groups (Fig. 4.6 (B)) in compliance with our previous study (Sachdev et al., 2013).
Furthermore, it is known that chitosan can be carbonized under hydrothermal conditions and
pyrolysis results in loss of characteristic vibrations of chitosan saccharide structure (Yang et al.,
2012). As seen in FTIR spectra of CD-PEI (Fig. 4.6 (B)), the characteristic absorption peaks of
chitosan disappear which indicates carbonization. CD-PEI shares many characteristic peaks of
PEI such as N-H at 3432 cm™ and 1562 cm™, C-N at 1309 cm™ (Fig. 4.6 (B)) (Dong et al.,
2012, Liu et al., 2012a and Hu et al., 2014). These results reveal that while chitosan got
carbonized during pyrolysis, PEI remained stable. Lately, PEI has been reported to be stable up
to 200 °C, which is in agreement with the obtained results (Dong et al., 2012 and Yin et al.,
2013). However, a noticeable difference between PEI and CD-PEI lies in the peak at 1638 cm™
(C=0 stretching vibration), due to hydrothermal treatment the, C=0 peak became sharp and
strong for CD-PEI. At the same time, CD-PEI showed less intense N-H peak at 1562 cm™
compared to PEI. These surface functional groups impart hydrophilicity and stability to CDs.
No precipitation or aggregation was observed in aqueous solution of CDs for several months.

Agarose gel mobility assay (Fig. 4.7 (A)) was performed to study the surface charge dependent
mobility of CDs under electric field. Smear fluorescent bands of CD-PEI and CD-PEG were
seen in opposite directions.CD-PEG and DNA migrated towards the positive terminal, while
CD-PEI migrated in opposite direction, indicative of the fact that CD-PEI is positively charged
and CD-PEG is negatively charged. Sodium dodecyl sulphate- polyacrylamide gel
electrophoresis (SDS-PAGE) was done for preliminary investigation of multicolor fluorescence
of CDs. CD-PEI shows a single, resolved band (Fig. 4.7 (B)). This underscores the fact that as-
prepared CD-PEI was pure.
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Figure 4.4 DLS spectrum of (A) CD-PEI and (B) CD-PEG representing size distribution by

volume.
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Figure 4.5 EDAX spectrum and elemental composition of (A) CD-PEI and (B) CD-PEG.
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Figure 4.7 (A) Agarose gel electrophoretic mobility of CD-PEI (lane 1), CD-PEG (lane 2) and
ethidium bromide stained DNA (lane 3) under UV light (Aex = 365 nm). (B) SDS- PAGE
electrophoresis pattern of CD-PEG (lane 1 & 3) and CD-PEI (lane 2 & 4) observed under

normal light (left) and UV light (right). (C) Fluorescence microscopic images taken under

various excitation filters. Excised gel band of CD-PEI representing multicolor fluorescence
(a-c). Excised gel band of CD-PEG (d-f). Scale bar: 400 pum.

Even more encouraging is the fact that CD-PEI (at such low concentration) was amenable to
SDS-PAGE applications (Liu et al., 2007). No fluorescent band was observed in case of CD-
PEG at concentration equivalent to CD-PEI, owing to its lesser brightness (Fig. 4.7 (C)). The
excised CD-PEI band depicts multicolor fluorescence, whereas no fluorescence was observed

from excised piece of gel (CD-PEG) and blue color was primarily due to background noise.

4.2.2 pH sensitivity and stability of CD-PEI and CD-PEG
pH sensitive feature of C-dots is one of the interesting phenomenon studied over the years (Jia
et al., 2012 and Nie et al., 2014). Therefore, fluorescence response of CD-PEI and CD-PEG
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was investigated at different pH values by adjusting the pH by 0.1 N solutions of HCI and
NaOH under constant ionic strengths conditions. The fluorescence intensity of CD-PEI was
found to be pH dependent (Fig. 4.8 (A)). There was a steady increase in fluorescence intensity
in the pH range of 3-7, with maximum intensity at pH 7.0. Shift in pH from acidic to basic
caused a notable reduction in fluorescence intensity of CD-PEI. The minimum in fluorescence
intensity was recorded at pH 12.0. Such pH dependent behavior is due to surface amino groups
of PEI, owing to their protonation in acidic condition and deprotonation under alkaline
environments (Hu et al., 2014). The colloidal stability of CD-PEI over a wide range of pH
values was conducted by zeta potential measurements (Fig. 4.8 (B)). The isoelectric point of
CD-PEI was found to be pH 9.0 (Dong et al., 2012). Zeta potential increased dramatically and
reached its maximum value (27.7 mV) at pH 7.0, but became very low at pH values above 7.0,
with minimum stability at pH 12.0. The excited state pKa (pKa*) of CD-PEI was calculated to
be 5.04 + 0.11 based on the change in fluorescence intensity with pH spectra at 460 nm
(Fig. 4.9) (Zhou et al., 2013b). Conversely, for CD-PEG, fluorescence intensity was less under
acidic conditions (pH 3-6). An apparent increase in fluorescence intensity was evident in the
pH range of 7-12 (Fig. 4.10 (A)). Unlike CD-PEI, a shift in fluorescence emission was
observed for CD-PEG from pH 10.0 onwards. The change in surface state brought about by the
ionization of surface hydroxyl groups influences the electronic transitions in CD-PEG, giving
rise to such pH dependent behaviour. Isoelectric point in case of CD-PEG was approximated to
be pH 6.0. Contrary to CD-PEI, the zeta potential of CD-PEG was low at pH < 7.0
(Fig. 4.10 (B)). There was a marked increase in zeta potential when pH shifted to alkaline.
Highly negative zeta potential (29.6 mV) at pH 12.0 explains the higher stability of CD-PEG
under basic conditions. The estimation of highest zeta potential values for CD-PEI and
CD-PEG to effect stable particle dispersions are in concurrence with the maximum emission
observed at specific pH values (Chandra et al., 2013). The effect of varying ionic strengths on
the fluorescence intensity of C-dots was studied. There were no considerable changes in
fluorescence characteristics of CD-PEI (Fig. 4.11 (A)) and CD-PEG (Fig. 4.11 (B)) as NaCl
concentration increased from 0.2 to 1.0 M, which is imperative for C-dots to withstand high salt
concentrations encountered during biological applications (Zhu et al., 2013c). Moreover, no
photobleaching effects were observed for CD-PEI (Fig. 4.11 (C)) and CD-PEG (Fig. 4.11 (D))
under continuous irradiation for 2 h. Fluorescence intensity decreased marginally for both
CD-PEI (7.94 %) and CD-PEG (4.68 %), portraying fairly good photostability. Resistance to
photobleaching along with resilience to ionic strength conceive the possibility of using C-dots

as potential candidates for bioimaging applications compared to organic chromophores.



CHAPTER 4 68

510000 30
— H=3
£ 9000{(A) s . 25](B)
£ 8000- —— pH=6 z 20
% 7000- —— pH=7 g
£ 6000- s T 10
@ 5000' _pH=12 ‘E 5_
o L @
& 4000- -
S 3000+ e
© .5

£ 2000 G 0
S 1000 =101 o
E L L) L) L] L] -15- \.

400 450 500 550 600 650 ' '

Wavelength ( nm) pH

Figure 4.8 (A) pH-dependent fluorescence emission spectra of CD-PEI (A& = 360 nm).
(B) Zeta potential of CD-PEI as a function of pH.
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Figure 4.10 (A) pH-dependent fluorescence emission spectra of CD-PEG (hkex = 320 nm).
(B) Zeta potential of CD-PEG as a function of pH.
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Figure 4.11 Plot of normalized emission intensity versus different ionic strength for (A) CD-
PEI and (B) CD-PEG. Dependence of fluorescence emission intensity against time showing
photostability profile of (C) CD-PEI (Aex = 360 NM; Aem = 456 nm) and (D) CD-PEG ¢ = 320
nm; Aem = 400 nm).

4.2.3 Bioimaging efficiencies of CD-PEI and CD-PEG

CD-PEI and CD-PEG were evaluated for bioimaging under in vitro conditions. We have
chosen A549 and BHK-21 cell lines as model systems for bioimaging based on the following
considerations. First, A549 cells are lung adenocarcinoma cells which is most prevalent and
fatal type of cancer, whereas BHK-21 are normal cells. These provide a platform to examine
the bioimaging efficiencies of CDs in both cancer and normal cells. Second, BHK-21 cells
differ from A549 cells in terms of morphology; that is, BHK-21 cells are relatively elongated
and have a fibroblastic appearance, while A549 cells are epithelial like cells that possess
polygonal morphology. Fig. 4.12 (a-d) shows the fluorescence microscopic images of A549
cells labelled with CD-PEI and CD-PEG. A distinct fluorescence imaging pattern was observed
for the two types of C-dots. CD-PEI can be clearly seen in the cells depicting blue, green and

red colour fluorescence, owing to its excitation dependent behaviour.
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Figure 4.12 (A) Comparison of fluorescence microscopic images of A549 cells incubated with

CD-PEI (a-d) and CD-PEG (e-h).(B) Comparison of fluorescence microscopic images of
BHK-21 cells incubated with CD-PEI(i-I) and CD-PEG (m-p). Scale bar: 400 um. Filters:
DAPI (Aex = 360 NM, Aem = 447 nm); GFP (Aex = 470 NM; Aegm = 525 NmM); RFP (Aex = 530 nm;

Aem = 593 nm).
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Figure 4.13 (A) Fluorescence spectra of A549 cells (blue), A549 + CD-PEG (red) and A549 +
CD-PEI (black). (B) Fluorescence microscopic images of A549 cells labeled with C-dots.
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(A)

Cell Viability ( %)

Sample Integrated | Absorbance | Refractive | Quantum
emission at 360 nm index of | vyield at
intensity (A) solvent 360 nm

() (n) (Q)
Quinine sulphate 627215 0.0831 1.33 0.54
A549 + CD-PEI 85996 0.0939 1.33 0.0655
A549 + CD-PEG 50046 0.1024 1.33 0.0349
Table 4.3 Quantum yield measurements of CDs labeled A549 cells.
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Figure 4.14 MTT based cytotoxicity assay of C-dots against (A) A549 cells and (B) BHK-21
cells. The percentage cell viability is assumed to be 100 % for control in each case.
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However, CD-PEG labelled A549 cells (Fig. 4.12 (e-h)) showed only green and red fluorescent
images under similar parameters. BHK-21 cells labelled with CD-PEI (Fig. 4.12 (i-l)) and
CD-PEG (Fig. 4.12 (m-p)) demonstrated similar fluorescence profiles. Besides, CD-PEG
labelled A549 and BHK-21 cells barely depict any blue colour fluorescence under similar
microscopic parameters. On closer examination two phenomena are evident: (1) labelled A549
cells exhibit bright fluorescence images than labelled BHK-21. This could be due to enhanced
cellular uptake of C-dots by cancer cells compared to normal cells. (2) Fluorescence
microscopic images of CD-PEI and CD-PEG labelled cells testify the excellent bioimaging
characteristics of former compared to latter. This outcome seems perfectly rational in terms of
physical and chemical properties of C-dots. CD-PEI is positively charged due to the presence
of amine groups on its surface which was confirmed through zeta potential (Fig. 4.8) and
electrophoresis studies (Fig. 4.7 (A)). Hence, CD-PEI is more capable of binding to the cell
membrane through electrostatic interactions. On the other hand, the overall surface charge of
CD-PEG is negative due to presence of PEG chains impeding its interaction with cell
membrane. The above investigations clearly acknowledge the fact that the surface functionality
to a greater extent influences the bioimaging efficiency of C-dots. Meanwhile, one can see
ubiquitous distribution of C-dots inside the cells. Wide distribution of CDs in the cytoplasm
contrary to nucleus (relatively weak fluorescence) was observed due to lesser penetration of C-
dots, similar to previous published reports (Cao et al., 2007, Liang et al., 2013b and
Ding et al., 2013).

Quantitative assessment of bioimaging efficiency of C-dots was performed by fluorescence
spectroscopy and quantum yield measurements. The fluorescence characteristics of C-dots
labelled A549 cells have been shown in Fig. 4.13. CD-PEI labelled cells had more fluorescence
intensity than CD-PEG labelled cells. The obtained fluorescence microscopic images
corroborate well with the fluorescence spectroscopic measurements. Additionally, the
fluorescence of C-dots labelled cells was quantitated through quantum yield measurements.
The quantum vyield of CD-PEI and CD-PEG labelled cells were 6.55 % and 3.49 %,
respectively (Table 4.3). A major concern for bioimaging is the cytotoxicity of fluorescent
nanoparticles which limits their applicability. MTT assay was performed in order to determine
the optimal concentration of C-dots to eliminate the possibility of cell death and detrimental
morphological changes during bioimaging. From the results shown in Fig. 4.14 (A), it is clear
that about 94 % of A549 cells were viable up to 3 mg mLof CD-PEI. When the concentration
of CD-PEI was increased to 10 mg mL™, cell viability subsequently declined to 83 %.
Likewise, A549 cells incubated with CD-PEG showed nearly 90 % cell viability up to
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3 mg mL™, while severe decline in cell viability was observed beyond mg mL™. MTT plot of
BHK-21 cells (Fig. 4.14 (B)) depict that around 95 % cells were viable in the presence of 5
mg mL™ of CD-PEI and above 82 % of the cells remained viable up to 5 mg mL™ concentration
of CD-PEG. Previous investigations have shown that CD-PEI is less toxic than PEI for cell
based applications due to comparatively lower cationic charge density (Hu et al., 2014).
Essentially, the maximum concentrations of CD-PEI and CD-PEG estimated through MTT

assay were much higher than necessary for bioimaging applications.

In summary, PEI and PEG surface passivated C-dots were synthesized through a one-step
hydrothermal method. Physicochemical properties of CDs were influenced by the nature of the
passivating polymer. CD-PEI demonstrated superior fluorescent characteristics compared to
CD-PEG. The proposed study also validated the differential labelling capacity of C-dots based
on surface charge by competitive experiments as well as comparative study on cancer and
normal cells. Importantly, both types of C-dots were found to be biocompatible at
concentrations optimal for bioimaging. Designing C-dots that are stable in the biological milieu

can facilitate the creation of fluorescent nanoprobes for potential biomedical applications.
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CHAPTER 5

DEVELOPMENT OF A GREEN SYNTHETIC
APPROACH FOR PRODUCTION OF C-DOTS
FROM NATURAL MOLECULAR PRECURSORS
FOR VERSATILE APPLICATIONS

5.1 Overview

In recent years, one-step hydrothermal approach for C-dots synthesis has gained immense
popularity because of higher consistency, controlled reaction conditions and economic
viability. Despite several benefits, use of toxic precursors and passivating agents in the
hydrothermal process often complicate their biological applications. Green synthesis of C-dots
is a highly attractive research topic, which exploits the use of natural, renewable carbon
precursors. Additionally, the functional groups associated with complex organic moieties in the
natural precursors would take care of the surface passivation processes to improve fluorescence
and water solubility of the as-synthesized C-dots. Nevertheless, it is always exciting to explore
the green sources for C-dots because these are inexpensive, clean, nontoxic and easily
accessible. However, the key challenge remains to produce C-dots with high quantum yields in
ample amounts by using simple one-step methodologies. In the quest of exploring natural
precursors C-dots synthesis, herein a simple green synthetic approach for synthesizing C-dots
from coriander leaves by one-step hydrothermal mediated synthesis has been reported. This
methodology is cost-effective, less time-consuming and uses water as a solvent. Importantly,
no additional surface passivation agent was required and coriander leaves solely served as the
carbon source and the passivation agent for C-dots. Coriander leaves are edible and naturally
contain carbohydrate and proteins which are abundant in carbon, nitrogen and oxygen
elements. Consequently, the formation of C-dots may involve dehydration and carbonization of
the coriander leaves followed by in situ surface passivation under high temperature and
pressure during the hydrothermal treatment (Huang et al., 2014 and Park et al., 2014).
Fortunately, the as-prepared C-dots have sufficient quantum vyield, favourable for exploring
their applications. Besides, a detailed analysis of the optical and physicochemical properties of

C-dots has been presented. Apart from this, our study encompasses the multifunctional aspects
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of C-dots such as potential antioxidants and selective ion detection probes. To demonstrate the
bioimaging potential of C-dots in vitro, A549 (human lung adenocarcinoma) and L-132 (human
normal lung epithelial) cells have been selected as model systems, since lung cancer is the

second-most prevalent type of cancer in the world (Kumar et al., 2013).

5.2 RESULTS AND DISCUSSION

5.2.1 Synthesis and characterization of C-dots from coriander leaves

Coriander is a natural herb which is commonly being used around the world as a condiment,
abundant in carbon, oxygen and nitrogen elements. Moreover, coriander leaves can act as
an excellent green and natural precursor material for the synthesis of C-dots without the aid of
any additional passivating agent. The successful preparation of such C-dots has been
carried out by a one-step hydrothermal treatment, which produced a yellow or light brown
aqueous solution, indicating successful carbonization of the coriander leaves. Bright green
luminescence under UV light further implied the formation of C-dots (Fig. 5.1 (A)). The
aqueous solution of C-dots shows two absorption peaks at 273 nm and 320 nm which were
attributed to m-n* transition of C=C bonds and n-m* transition of C=0 bonds in C-dots
(Fig. 5.1 (B)) (Sachdev et al., 2013, Sachdev et al., 2014 and Park et al., 2014). On the other
hand, fluorescence spectra depicted an excitation dependent behaviour. With an increase in
excitation wavelength from 320 nm to 480 nm, the maximum emission shifted from 400 nm to
510 nm along with a concurrent decrease in emission intensity (Fig. 5.1 (C)). The quantum
yield of C-dots was determined to be 6.48 % using quinine sulphate as a reference (Table 5.1).
TEM images revealed uniform black dots with near-spherical morphology (Fig. 5.2 (A)). The
average mean diameter of the C-dots was 2.387 with size distribution ranging from 1.5 to 2.98
nm, as estimated from statistical distributions (Fig. 5.2 (B)). Due to small size, low contrast and
amorphous nature of C-dots, high resolution TEM images could not be obtained. The aqueous
suspension of C-dots had an average hydrodynamic diameter of 4.158 nm, slightly more than
the mean dried-state diameter as illustrated by TEM results (Fig. 5.2 (C)). EDS elemental
mapping distributions further indicated the presence of carbon (C), nitrogen (N) and oxygen
(O) elements in CDs (Fig. 5.2 (D)). These correspond to the distribution of the functional
groups formed on the surface of C-dots. SAED pattern of the C-dots showed diffused rings,

suggesting an amorphous carbon phase (Fig. 5.3).
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Figure 5.1 (A) Schematic illustration depicting one-step synthesis of C-dots from coriander
leaves. (B) UV-vis absorption spectrum of C-dots. (C) Fluorescence emission spectra of C-dots
at different excitation wavelengths ranging from 320 nm to 480 nm with increments of 20 nm

(inset: normalized emission intensity).
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Figure 5.2 (A) TEM image of C-dots. (B) Size distribution histogram of C-dots as determined
by TEM. (C) DLS spectrum (size distribution by volume) of aqueous suspension of C-dots. (D)
Elemental mapping of C-dots. (a—c) Individual elemental distribution (red for carbon, yellow
for nitrogen and green for oxygen).
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Sample Integrated | Absorbance | Refractive | Quantum yield
emission at 360 nm index of at 360 nm (Q)
intensity (1) | (A) solvent (n)
Quinine sulphate 542308 0.1320 1.33 0.54 (known)
C-dots 85962 0.1742 1.33 0.0648

Table 5.1 Quantum yield calculation of C-dots.

>
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Figure 5.3 SAED pattern of C-dots.

In addition, XRD pattern depicted a broad amorphous hump at 26 = 21.5° along with a weak
peak at 20 = 38.5° corresponding to (002) and (101) planes of amorphous carbon in accordance
with the SAED results (Fig. 5.4 (A)) (Mewada et al., 2013). FTIR spectrum was further
recorded to ascertain the exact chemical composition of C-dots (Fig. 5.4 (B)). Overlapping
O-H/N-H stretching bands were detected at 3432 cm ™, whereas peaks at 2837 cm™* and 804
cm* corresponded to C—H stretching and bending vibrations (Mehta et al., 2014 and Park et
al., 2014). Peaks at 2359 cm™* and 2341 cm™ represented C—N stretching, while N-H
deformation vibration was observed at 1558 cm™* (Zhu et al., 2013b and Mehta et al., 2014).
Furthermore, peaks at 1706 cm * and 1640 cm™* corresponded to C=0 and C=C stretch of
carbon backbone of C-dots. Notably, the peaks at 1377 cm*, 1333 cm* and 1020 cm™*
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indicated asymmetric and symmetric vibrations of C—-O-C, while peaks at 1124 cm and
1050 cm™* represented stretching and bending vibrations of C—O bonds in carboxyl groups
(Mehta et al., 2014). The above investigations suggested that C-dots were functionalized with
hydroxyl, carboxylic, carbonyl and amino groups, derived from organic moieties in coriander
leaves under hydrothermal conditions. These groups endow the C-dots with excellent water
solubility, with no signs of aggregation or loss of fluorescence after several months. The zeta
potential of C-dots was negative (-24.9 mV), due to the abundance of hydroxyl and carboxylic
groups on the surface (Fig. 5.4 (C)), in accordance with the FTIR data (Zhu et al., 2013b and
Liang et al., 2014). The thermal stability of C-dots was demonstrated by the TGA curve
(Fig. 5.4 (D)). The thermogram exhibited a three-step degradation pattern, with an initial
weight loss of 3 % at 100 °C due to elimination of water molecules or the moisture associated
with C-dots. A slight weight loss (7 %) occurred between 100 and 200 °C, indicating thermal
stability of C-dots up to 200 °C. The final degradation step resulted in a significant weight loss
(93 %) in the range of 200-435 °C due to the gradual degradation of the surface functional
groups of C-dots. Beyond 435 °C the curve levelled off (Wang et al., 2013a and Mewada et al.,
2013). Elemental composition of C-dots was elucidated by CHN analyzer, confirming the
presence of 50.8 % C, 5.3 % H, 4.07 % N and 39.83 % O (calculated). Higher C and O content
and lesser N content indicated that these particles were predominantly composed of carbon and
oxygen containing functional groups along with few nitrogen containing groups, which
corroborates well with the EDS data (Table 5.2). Fluorescence spectra of C-dots were recorded
at different pH values by adjusting the pH by 0.1 N solutions of HCI and NaOH. With an
increase in pH in the range of 3-12, a steady increase in fluorescence intensity was recorded,
with a maximum intensity at pH 12.0, beyond which no significant changes were found
(Fig. 5.5 (A)). Such pH dependent behaviour could be due to changes in the surface state of
C-dots due to the ionization of the carboxyl and hydroxyl groups as observed earlier (Sachdev
et al., 2014). The colloidal stability of C-dots was studied in terms of changes in the zeta
potential as a function of pH (Fig. 5.5 (B)). The zeta potential value changed from 19.03 mV to
-22.2 mV with an increase in pH. Higher zeta potential value favoured stable particle dispersion
which is in accordance with the maximum emission observed at pH 12.0. The effect of the
solvent on the solubility and fluorescence intensity of C-dots was investigated (Fig. 5.6 (A)).
C-dots were found to be soluble in organic solvents such as N-dimethylformamide (DMF),
dimethylsulfoxide (DMSO) and methanol. Further, it was observed that C-dots had the highest
fluorescence intensity in water, followed by methanol, DMSO and DMF, without any shift in
the emission peaks. Due to high polarity of water compared to other organic solvents, C-dots

demonstrated superior fluorescence intensity in water.
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Figure 5.4 (A) XRD pattern, (B) FTIR spectrum, (C) Zeta potential and (D) TGA analysis of

C-dots.

C (%)

H (%)

N (%)

O (%) (Calculated)

Composition

C-dots

50.8

5.3

4.07

39.83

(:40+*50C)25PJQ3

Table 5.2 Elemental analysis of as-prepared C-dots through CHNS analyzer.
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Figure 5.5 (A) Dependence of fluorescence emission of C-dots on pH (A& = 320 nm).
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This multisolvent solubility could be attributed to the polar functional groups such as carboxyl
and hydroxyl on the surface of C-dots. Nonetheless, photostability studies indicate that C-dots
had a stable emission even after 2.5 h of continuous excitation. Fluorescence intensity

decreased slightly (2.87 %), representing a fairly good photostability (Fig. 5.6 (B)).

5.2.2 Antioxidant activity

Antioxidant activity is a commonly used parameter to assess the ability of a material to
scavenge or neutralize free radicals. There have been quite a few reports on the antioxidant
activity of C-dots (Das et al., 2014 and Purkayastha et al., 2014). DPPH based assay is one of
the most commonly employed method to evaluate the antioxidant activity (Pyrzynska et al.,
2013). DPPH is a long-lived, nitrogen containing free radical which is deep purple in colour,
which turns yellow as soon as it interacts with an antioxidant. Different concentrations of
C-dots were added to 50 uM methanolic DPPH solution. Decrease in absorbance at 517 nm
was detected within minutes of incubation. From the results shown in Fig. 5.7 (A), the radical
scavenging activity of C-dots was found to increase in a dose-dependent manner. As the
concentration of C-dots increased from 5 to 70 ug mL™?, there was a subsequent increase in the
scavenging activity from 12 to 94 %. From the curve the ECs, value (amount of antioxidant
required to decrease the concentration of DPPH by 50 %) of C-dots was estimated to be 15 pg
mL%. Interestingly, the DPPH solution turned colourless to yellow with an increase in the
concentrations of C-dots (Fig. 5.7(B)).

5.2.3 lon sensing

In recent years, the development of fluorescence based sensors for selective and sensitive
detection of metal ions has been pursued by various research groups (Sivaraman et al., 2012,
Sivaraman et al., 2013, Sivaraman et al., 2014a and Kamali et al., 2015). In order to evaluate
the ability of C-dots obtained from coriander leaves for analytical purposes, their fluorescence
intensity in the presence of different metal ions was monitored. Fig. 5.8 (A) shows the relative
change in the fluorescence intensity of C-dots (0.1 mg mL™) in the presence of various metal
ions (each at a concentration of 60 uM). Out of the 12 kinds of metal ions, Ag*, Cu®*, Hg** and
Fe?" caused slight reduction in the fluorescence intensity. This may be due to non-specific
interactions between the functional groups and metal ions. In contrast, Fe** ions caused the
strongest fluorescence quenching effect on C-dots, thereby depicting higher selectivity towards
Fe** ions than other metal ions (Bao et al., 2014, Geng et al., 2014, En et al., 2014 and
Sivaraman et al., 2014b).
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Figure 5.6 (A) Effect of solvents on fluorescence intensity of C-dots (A = 320 nm).
(B) Dependence of fluorescence emission intensity against time depicting photostability of C-
dots (Aex = 320 NnM; Aem = 400 Nm).
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This discrimination effect for Fe** ions originates due to exceptional coordination between Fe**
ions and hydroxyl groups of C-dots, similar to previous reports (Wang et al., 2014a, Teng et al.,
2014 and Gong et al., 2015). To explore the sensitivity of C-dots towards Fe** ions, different
concentrations of Fe®* ions in the range of 0-60 UM were added in the C-dots solution
(0.1 mg mL™). Fig. 5.8 (B) shows a steady decline in fluorescence intensity with increasing
Fe** concentration. Fig. 5.8 (C) further represents the relative fluorescence response of C-dots
(Fo/F) as a function of Fe** concentration. The fluorescence quenching efficiency can further be
described by the Stern-Volmer plot depicting a perfect linear behaviour (linear correlation
coefficient of 0.9874) in the concentration range 0-6 uM (inset in Fig. 5.8 (C)).

The equation for the same is as follows:

Fo/F = 0.07590X + 0.9780

where Fq and F are the fluorescence intensities of C-dots in the absence and presence of Fe®*
and X represents the concentration of Fe>*. On the basis of the above equation, the quenching
constant, Ks, (slope of the linear fit) was calculated to be 7.590 x 10* mol™* dm3. Likewise, the
limit of detection was determined to be 0.4 uM based on the equation 36/m, where ¢ is the
standard deviation of blank signal (n = 4) and m is the slope of the linear fit. The detection limit
is comparable to other reported values for Fe®* detection by C-dots (Zhu et al., 2013 and Teng
et al., 2014). Notably, this value is much lower than the maximum permissible level (5.36 uM)
for Fe** in drinking water as per the guidelines laid down by World Health Organization
(WHO, 2011). Finally, fluorescence decay curve analysis was done to gain an insight into the
fluorescence quenching mechanism of C-dots (Fig. 5.8 (D)). Decay curves of C-dots and C-
dots—Fe®" overlapped suggesting negligible change in the fluorescence lifetime of C-dots in the
presence of Fe**. In addition, the average lifetime of C-dots and C-dots-Fe** complex was
calculated to be 5.94 ns and 5.90 ns, respectively which consisted of three lifetime components
(Table 5.3). The reduced lifetime of C-dots indicates the occurrence of dynamic quenching,
thereby suggesting the possibility of electron transfer from hydroxyl group of C-dots in the
excited state to the d orbital of Fe** (Zhu et al., 2013c and Zhai et al., 2014). EDS mapping
further shows the distribution of Fe** in C-dots-Fe** complex (Fig. 5.9). Elemental maps
depicted the presence of Fe** along with the major constituent elements of C-dots. This
suggests the uniform distribution of C, O and N with Fe** concentrated in specific areas. Since,
C-dots demonstrate a pH dependent response, the quenching effect of Fe®** on C-dots was
explored at various pH values. Fig. 5.10 shows the pH dependent fluorescence response of the

C-dots-Fe** complex.
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Figure 5.8 (A) Fluorescence response of C-dots in the presence of different metal ions in
aqueous solution. (B) Fluorescence spectral quenching of C-dots upon addition of various
concentrations of Fe** (C) Relative fluorescence response of C-dots (Fo/F) versus concentration
of Fe* from 0 to 60 M. Inset is the linear region from 0 to 6 M. Fo and F are the fluorescence
intensities of C-dots at 400 nm in the absence and presence of Fe*, respectively. (D)
Fluorescence decay curve of C-dots in the absence and presence of Fe®* (e = 320 nm:;
Aem = 400 nm).

Sample a (ns) | a 7,(NS) az 3(Ns) | Ta(NS) | %
C-dots 0.3677 | 3.211 | 0.1881 | 0.521 |0.4442|10.503 | 5.943 | 1.121
C-dots-Fe** | 0.3579 | 3.071 | 0.1876 | 0.525 |0.4545 | 10.360 | 5.906 | 1.149

Table 5.3 Fluorescence lifetime calculation of C-dots in presence and absence of Fe**.
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Figure 5.9 EDS elemental mapping of C-dots-Fe**. (a-d) Individual elemental distribution (red

for carbon, green for oxygen, cyan for nitrogen and yellow for iron).
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Figure 5.10 Fluorescence response of C-dots in the absence (black) and presence (grey) of 60
UM Fe**at different pH values. (Aex = 320 NM; Aem = 400 NM).
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Under acidic conditions, low quenching efficiency was observed, due to protonation of surface
carboxylic groups, resulting in weaker interactions in the C-dots-Fe** complex. In the pH range
7-9, a substantial decrease in fluorescence intensity (higher quenching efficiency) was observed
owing to the deprotonation of surface carboxylic groups, thereby strengthening the interaction
between Fe®* and C-dots. Conversely, at higher pH values lower quenching efficiency was
observed again, which could be due to the complexation of Fe** by OH" instead of C-dots (Yan
et al., 2014 and Huang et al., 2014). The above outcomes highlight the competence of C-dots as

a Fe** nanosensor.

5.2.4 Biocompatibility and bioimaging

Cytotoxic effects during imaging of cells play a key role in determining the applicability of
nanoparticles as fluorescence imaging agents. Hence, it becomes imperative to assess the
cytotoxicity of C-dots before employing them for bioimaging. In this regard, the MTT assay
was performed and the results are presented in Fig. 5.11 (A). A549 cells did not show any
decline in cell viability when the concentration of C-dots was increased to 0.3 mg mL™ with
respect to control. Afterwards, a marginal decrease in cell viability was observed with
increasing concentration of C-dots. The survival rate was around 86 % even at a high
concentration of 1 mg mL™. Similarly, L-132 cells accounted for more than 85 % cell viability
at all the tested doses of C-dots ranging from 0.1 to 1 mg mL ™. Overall, the exposure of varied
concentrations of C-dots did not induce any serious cytotoxic effect in both A549 and L-132
cells. Essentially, the results portray the biocompatibility of C-dots for bioimaging. As a proof-
of-concept, A549 and L-132 cells were stained with C-dots (Fig. 5.11 (B)). Distinct green
fluorescence inside the cells was observed upon subsequent cellular uptake of C-dots
(Fig. 5.11 (b,d)). In addition, the bright field images of C-dots treated cells indicate normal
morphology of cells, endorsing their biocompatibility (Fig. 5.11 (a,c)). For cellular uptake
studies, Hoechst 33342 dye was used as a marker for nucleus and the cellular distribution of C-
dots was tracked in A549 and L-132 cell lines. As can be seen in Fig. 5.12, CDs were
ubiquitously distributed in the cytoplasm of cells, evident from the green fluorescence
emanating around the nucleus. However, no co-localization of blue (Hoechst 33342) and green
fluorescence (C-dots) was observed, which underscores the fact that C-dots were not able to
penetrate inside the cell nucleus (Shi et al., 2015 and Sachdev et al., 2015b). The quantification
of cellular uptake of C-dots in A549 and L-132 cells was done by determining the percentage

of fluorescent cells using a flow cytometer with reference to control cells (Fig. 5.13).
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Figure 5.11 (A) In vitro cell viability of A549 and L-132 cells treated with various

L-132

concentrations of C-dots as estimated by the MTT assay. The error bars represent mean *
S.E.M. of three individual experiments. (B) Representative fluorescence microscopic images of
A549 (a and b) and L-132 (c and d) cells incubated with 0.5 mg mL™ C-dots. Scale bar: 100
um. GFP Filter (Aex = 470 nm; Aey = 525 nm).
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Figure 5.12 Cellular distribution micrographs of A549 and L-132 cells treated with 0.5

L-132

GFP
R -

mg mL™ of C-dots and stained with Hoechst 33342. The overlay images were acquired using a
combination of DAPI (for Hoechst 33342) and GFP (for C-dots) filters. Scale bar: 100 pm.
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Figure 5.13 Flow cytometric analysis of cellular uptake of C-dots in A549 and L-132 cells.
Upper panel: (a) untreated and (b) 0.3 mg mL ™%, (c) 0.5 mg mL* C-dots treated A549 cells.
Lower panel: (d) untreated and (e) 0.3 mg mL ™%, (f) 0.5 mg mL * C-dots treated L-132 cells.
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The fluorescence signal originating from C-dots stained cells was strong enough to be detected
by flow cytometer, while the cells not treated with C-dots with insignificant background
fluorescence were used as control. On closer inspection, an increase in the intracellular
fluorescence intensity of C-dots (percentage of fluorescent cells) was observed in both the cell
types with an increase in concentration of C-dots, thereby indicating concentration dependent
cellular uptake. For the A549 treated cells, the percentage of fluorescent cells increased from
35.8 % to 69.4 % with an increase in the concentration of C-dots (Fig. 5.13 (b-c)). On the other
hand, the percentage of fluorescent cells in L-132 treated cells also increased correspondingly
from 59.7 % to 82.9 % in a dose-dependent manner (Fig. 5.13 (e-f)). Evidently, there were
marked differences in cellular uptake between the two cell types at equivalent cell numbers.

L-132 cells had higher cellular uptake of C-dots than A549 cells at similar test doses, under

same conditions.

In summary, coriander leaves were successfully utilized for C-dots synthesis. These C-dots
were characterized through various analytical techniques. The functional groups associated
with organic moieties in coriander leaves took care of the surface passivation of C-dots. C-dots
exhibited DPPH radical scavenging activity at very low concentrations which suggested their
antioxidant potential. Besides, a detailed mechanism for detection of Fe** ions by C-dots was
elucidated. These C-dots also demonstrated bioimaging potential as evident from fluorescence
microscopy and flow cytometeric analysis. Detection of fluorescence signal from the C-dots
stained cells by flow cytometer predicted subtle differences in cellular uptake between different
cell types, which are generally not detected by fluorescence microscopy.
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CHAPTER 6

SYNTHESIS OF C-DoT1s-CERIUM
OXIDE NANOCOMPOSITE FOR SYNCHRONOUS
BIOIMAGING AND ANTIOXIDANT ACTIVITY

6.1 Overview

The development of nanoparticles for therapeutic purposes has been the subject of intense
research over the years. Advances in engineering and the applications of such therapeutic
nanoparticles require understanding of their interactions at the cellular level. Incorporating
fluorescence probes can make it possible to monitor the interactions and cellular uptake,
because of their high sensitivity (Ueno, 2011). The key challenge, though, remains to develop
nanoparticles having low toxicity with therapeutic as well as imaging properties for concurrent
disease detection and therapy (Babu et al., 2010 and Parveen et al., 2012). Reactive oxygen
species (ROS) are produced at low levels inside the cells upon aerobic respiration and
subsequently removed by antioxidant defence systems in cells. Under excessively high ROS
levels, the cells’ inherent antioxidant enzymes become inefficient and lead to oxidative stress
(Cadenas et al., 2000). Hydrogen peroxide (H20,) is a major ROS species, whose increased
levels (>0.7 uM) are considered detrimental for human health (Wijeratne et al., 2005 and Coyle
et al., 2006). Thus, it of prime significance to develop strategies to monitor and ameliorate
H.0, levels for normal cell functions. Cerium oxide (CeO) nanoparticles serve as excellent
intracellular ROS scavengers and their mechanism of action has been elucidated lately.
However, visualization of the interaction of CeO, nanoparticles with ROS species and hence
the evaluation of their antioxidant activity remains underexplored. This underscores the need to
combine them with fluorescence probes. In the present work, C-dots with strong blue
fluorescence have been used as a fluorescence probe in association with CeO, nanoparticles
with antioxidant potential to construct dual functional CDs-CeO, nanocomposite (NC) by a
facile hydrothermal method. Recent findings have suggested that the fluorescence signal of
CD:s is also sensitive to varying concentrations of H,O, (Wei et al., 2014 and Lan et al., 2015).
It is anticipated that the interaction of H,O, with CDs would also result in fluorescence

guenching under biological conditions as well. Conversely, CDs-CeO, NC can interact and
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neutralize H,0, due to the catalytic effect of CeO,, thus preventing the fluorescence quenching
of CDs in the NC. As a proof of concept, in vitro evaluation of bioimaging and antioxidant
potential of the as-synthesized CDs-CeO, NC was conducted successfully on NIH3T3
fibroblast cells. The motive behind the conjugation of CDs was, on one hand, to evaluate the
cellular uptake of CDs-CeO, NC and, on the other hand, to correlate their fluorescence signal
emanating from the cells with ROS scavenging. Hence, this work envisages CDs-CeO, NC as a

versatile tool for synchronized cellular uptake and ROS scavenging antioxidant activity.

6.2 RESULTS AND DISCUSSION

6.2.1 Synthesis and characterization of CDs-CeO, NC

CDs-CeO, NC was synthesized via a facile hydrothermal method as depicted in Fig. 6.1.
Hydrothermally synthesized CeO, nanoparticles upon subsequent integration with chitosan-
bPEI served as the template for the formation of NC. In the synthetic process, in situ formation
of bright fluorescent CDs from chitosan-bPEI by carbonization and passivation processes in the
presence of CeO, nanoparticles under hydrothermal conditions (high temperature and pressure)
yielded CDs-CeO, NC. The use of chitosan-bPEI is a recently discovered approach to
synthesize CDs, wherein chitosan acts as a low-temperature (< 250 °C) carbonizable source
while the polyamine structure of bPEI mediates surface functionalization and passivation in a
single step, amenable to the development of NC involving CDs (Yang et al., 2012, Dong et al.,
2012 and Sachdev et al., 2014). TEM analysis was performed to characterize the as-formed
CDs-CeO, NC (Fig. 6.2 (A)). Numerous small dots on the surface of the particles with
relatively dark contrast represented CDs. This demonstrated the successful transformation of
chitosan-bPEI to CDs, which were distributed on the surfaces of CeO; in the NC. The structure
of CDs-CeO, NC was further investigated by HRTEM (Fig. 6.2 (B)). The lattice fringes in the
HRTEM image were separated by masking techniques of Gatan Digital Micrograph software to
generate the inverse fast Fourier transform (IFFT) image (inset in Fig. 6.2 (B)). A distinctive
set of separated lattice planes with spacings of 0.31 and 0.27 nm could be visualized, and
corresponded to (111) and (200) planes of CeO,, respectively. CDs could not contribute to the
lattice pattern due to their amorphous nature. Morphological and elemental examinations were
carried out through FE-SEM (Fig. 6.2 (C)). Nearly spherical, agglomerated particles of CDs-
CeO; NC can be seen in high-magnification FE-SEM image, which is very similar to TEM
observations. Further, EDS elemental mapping detected the presence of characteristic elements

such as Ce, O and C on the entire surface.
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Figure 6.1 Schematic representation for the synthesis of CDs-CeO; NC.

Figure 6.2 (A) TEM and (B) HRTEM micrograph of CDs-CeO, NC. Insets in fig. 2(B) are the
inverse FFT images of the selected regions corresponding to CeO, of CDs-CeO, NC. (C) FE-
SEM image of CDs-CeO, NC. (a-c) Colour coded SEM-EDS dot maps depicting the
distribution of individual elements in CDs-CeO, NC.
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Figure 6.3 Particle size distribution curve of CDs-CeO; NC.

Figure 6.4 TEM image of (A) CDs and (B) CeO, nanoparticles.
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Figure 6.5 Size distribution by volume for aqueous dispersions of samples estimated through
DLS.
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The size of CDs-CeO, NC particles was in the range of 3 to 7 nm, as estimated from the size-
distribution histogram (Fig. 6.3). The as-synthesized blank CDs appeared as uniformly
distributed dots with an average size of 2.81 = 0.593 nm (Fig. 6.4 (A)). Pure CeO,
nanoparticles displayed a discrete, spherical morphology with an average size of 5.39 + 0.768
nm (Fig. 6.4 (B)) (Liu et al.,, 2012c). It is important to note that no significant difference
between the sizes of CDs-CeO, NC and CeO, nanoparticles was observed. However, the
surface of CDs-CeO, NC appeared comparatively rougher (due to distribution of CDs) than
that of the CeO, nanoparticles, which provides indirect an evidence for the formation of CDs-
CeO;, NC. In addition, the average hydrodynamic size of CDs-CeO, NC predicted by dynamic
light scattering (DLS) was 10.10 nm, whereas the same for blank CDs and CeO, nanoparticles
was found to be 2.01 and 5.61 nm, respectively (Fig. 6.5). The estimated hydrodynamic sizes

are in accordance with the TEM size observations.

The phase structure of the CDs-CeO, NC was explored by XRD (Fig. 6.6 (A)). For CeO,, the
characteristic diffraction peaks at 28.18°, 32.84°, 47.42°, 56.29°, 59° and 70° were indexed to
(111), (200), (220), (311), (222), and (400) planes of cubic fluorite structure of CeO, crystal
structure (JCPDS card:43-1002). The XRD pattern of CDs-CeO, NC exhibited characteristic
peaks of CeO; phase, in agreement with HRTEM analysis. Additionally, broad peaks at 22.5°
and 39.3° were also noted, which could be assigned to (002) and (101) planes of amorphous
CDs (Sachdev et al., 2014, Zhai et al., 2014 and Sachdev et al., 2015a). This clearly indicated
the incorporation of CDs in the NC. Chemical functionalization of CeO, with CDs was verified
by FTIR (Fig. 6.6 (B)). In the FTIR spectrum of pure CeO,, absorption bands in the low
frequency region at 875 cm™, 668 cm™ and 534 cm™ were attributed to stretching vibrations of
Ce-O (Srivastava et al., 2013). Moreover, the strong peaks in the region 1400-1600 cm™ could
be indexed to symmetric and asymmetric stretching of organic moieties associated with CeO,
nanoparticles (Yu et al., 2012 and Bhushan et al., 2015). Stretching and bending vibration of
O-H groups at 3414 cm™ and 1635 cm™ were observed, which may arise due to the moisture in
the sample. The FTIR spectra of CDs-CeO, NC showed characteristic absorption bands of CDs
besides CeO,. Appearance of a sharp and strong peak at 1640 cm™ signified C=0 stretch of the
carbon backbone of CDs. Notably, amine I and Il C—N peaks originating from the surface of
CDs were also detected at 1387 cm™ and 1270 cm™. Additionally, peaks at 1093 cm ™ and 1020
cm* corresponded to C—O—C asymmetric and symmetric vibrations in CDs (Mehta et al., 2014
and Sachdev et al., 2015a). A minor red-shift in vibration peak of Ce-O from 534 cm ™ to 516
cm ! indicates the interaction between CDs and CeO, in the nanocomposite. The formation of
CDs-Ce0O, NC was also studied by UV-visible spectrometry (Fig. 6.6 (C)). UV-vis spectra of
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CDs showed two absorption bands owing to = electron transitions. Absorption peak at 274 nm
was due to n-n* transition, while the broad absorption peak at 324 nm corresponded to n-n*
transition, in agreement with the previous reports on CDs (Tang et al., 2012, Wang et al.,
2014d, Wang et al., 2014e and Kwon et al., 2015). Pure CeO, nanoparticles had a characteristic
absorption maximum at 290 nm. As for CDs-CeO, NC spectrum, distinctive absorption peaks
due to CDs and CeO; were visible. The combined observation of decrease in intensity of peak
at 290 nm (Ce0O,) and shift in the absorption peak to longer wavelength at 330 nm (CDs)
indicated that the CDs interacted and covered the surface of CeO,, typical of NC spectra (Khan
et al., 2014 and Bhaisare et al., 2016). In addition, the appearance of emission peak of CDs at
410 nm in fluorescence spectrum of CDs-CeO, NC further testify the anchoring of CDs at the
surface of CeO; (Fig. 6.6 (D)).The slight drop in the fluorescence intensity of the CDs-CeO,
NC compared to blank CDs (equivalent concentration) could be a result of photoinduced
electron transfer between CDs and CeO,, which is commonly observed in metal-CDs NC (Luo
etal., 2012, Wang et al., 2014c and Yang et al., 2015). From the triple exponential fluorescence
decay curves of CDs and CDs-CeO, NC, their average lifetime was calculated (Fig. 6.7 and
Table 6.1). A marginal reduction in the mean fluorescence lifetime of CDs-CeO, NC
(5.035 ns) compared to blank CDs (5.204 ns) further signifies that the interaction between CDs
and CeO; in the NC did not cause fluorescence quenching of CDs. The quantum yields for CDs
and CDs-CeO, NC were calculated to be 16.49 % and 11.23 %, respectively under similar
conditions (Table 6.2). All these investigations revealed that CeO; slightly influenced the
fluorescence features of CDs in the NC form without hampering their overall brightness,
pertinent for bioimaging applications. The stability and changes in the surface charge of CeO,
after the incorporation of CDs was also evaluated, which is of prime significance for their
biological application (Fig. 6.8). The average zeta potential value of blank CeO, nanoparticles
and CDs was calculated to be 39.6 and 10.9 mV under physiological conditions (PBS, pH 7.4).
Accordingly, the zeta potential value of CDs-CeO, NC (35.6 mV) was between that of CDs and
CeO,, explaining the appreciable stability and dispersion of the composite particles.

6.2.2 Effect of H,O; on the fluorescence intensity

The fluorescence response of CDs and CDs-CeO;, NC in the presence of H,O, was monitored.
A steady decline in fluorescence intensity of CDs was evident with an increase in H,0;
concentration (Fig. 6.9 (A)). Accordingly, the fluorescence quenching efficiency showed
successive increase with respect to concentration of H,O, (Fig. 6.9 (B)). CDs exhibited a strong
blue emission under UV light, whereas H,0,-CDs solution manifested a faint emission

indicative of a stronger quenching effect (inset in Fig. 6.9 (B)).
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Figure 6.7 Fluorescence decay curve of CDs and CDs-CeO; NC (hex = 360 nm; Aem = 450 nm).
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Sample ay T,(NS) a T,(NS) az t3(NS) | Ta(NS) N

CDs 0.856 | 0.795 | 0.5852 | 4.281 | 0.3292 | 10.180 | 6.537 | 1.169

CDs-CeO, [0.1090| 0.791 | 0.5861 | 3.993 | 0.3049 | 10.690 | 5.685 | 1.076

Table 6.1 Tabular representation of fluorescence lifetime calculation from the decay curves.

Sample Integrated | Absorbance Refractive Percent
emission at 360 nm (A) | index of Quantum yield
intensity () solvent (n) at 360 nm (Q)
Quinine sulphate 620706 0.1317 1.33 54 (known)
CDs 86549 0.0601 1.33 16.49
CDs-CeO; 69297 0.0707 1.33 11.23

Table 6.2 Tabular representation for the quantum yield calculations.

% =

Figure 6.8 Zeta potential measurements for CeO,, CDs and CDs-CeO; NC.
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The electron transfer between the amine or hydroxyl groups of CDs and H,O, leads to
fluorescence quenching. Such effect arises due to the tendency of H,O, to donate electrons,
resulting in the formation of special coordination bonds, in agreement with the previous reports
(Shan et al., 2014 and Lan et al., 2015). Interestingly, the fluorescence intensity of CDs-CeO,
NC in the presence of different concentrations of H,O, changed only slightly (Fig. 6.9 (C)).
Consequently, a lower fluorescence quenching efficiency was observed with incremental H,0,
concentrations, confirmed by an intact fluorescence emission (Fig. 6.9 (D)). Perhaps owing to
the catalase mimetic activity of CeO, via Fenton type reaction, H,O; is converted into H,O and
O, (Pirmohamed et al., 2010 and Lee et al., 2013a). Over and above, CeO, could be capped by
H.O, credited to a higher affinity between them, as described by various mechanistic studies,
which may perhaps contribute to fluorescence maintenance of CDs in the NC upon H,0,
addition (Ornatska et al., 2011 and Liu et al., 2015a). Based on the above outcomes, it can be
deduced that the antioxidant activity as well as higher sensitivity of CeO, resulted in
neutralization of H,O, and hence prevented the fluorescence quenching of CDs in CDs-CeO,
NC.

6.2.3 Cytotoxicity

In order to utilize CDs-CeO, NC for biological applications, the MTT assay was first
performed to assess the dose-dependent cytotoxic effects (Fig. 6.10 (A)). NIH3T3 cells
incubated with CeO, or CDs alone did not exhibit cytotoxic effects. Likewise, CDs-CeO, NC
treated cells maintained an appreciable viability (> 75 %) under similar concentrations. Thus,
the obtained results illustrated the low toxicity of the NC. Next, the protective effect of CDs-
CeO, NC in NIH3T3 cells against oxidative stress induced by H,O, was investigated
(Fig. 6.10 (B)). Noticeably, most of the cells died when exposed to H,O,. In contrast, the cells
preincubated with different concentrations of CeO, or CDs-CeO, NC before H,0, treatment
had higher cellular viability. Importantly, the incorporation of CDs in the NC did not make any
difference, such that both CeO, and CDs-CeO, NC exercised the protective effect in the same
concentration range (10-500 pg mL™). In order to further validate the protective effect of CDs-
CeO;, NC, apoptotic staining assay was carried out. To this end, cells were dyed with acridine
orange (AO) and ethidium bromide (EB) to label the intact and apoptotic cells and examined
under fluorescence inverted microscope (Fig. 6.11). AO dye can label the nucleus of intact as
well as apoptotic cells and emits green fluorescence, whereas EB can selectively stain the

nucleus of apoptotic cells to produce orange fluorescence.
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Figure 6.9 Fluorescence spectra of (A) CDs and (C) CDs-CeO, NC in presence of various
concentrations of H,O,. Relative fluorescence response (Fo/F) of (B) CDs and (D) CDs-CeO,
NC as a function of H,O, concentration in PBS buffer solutions (pH 7.0). Insets in fig. 4(B,D)
are the images taken under UV illumination for aqueous dispersions of CDs and CDs-CeO, NC

before and after the addition of H,O,, respectively.
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Figure 6.10 (A) MTT based cell viability plot of NIH3T3 cells. (B) Protective effect of CeO,
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Figure 6.11 AO/EB dual staining images of (a) untreated cells (b) H,O, treated cells (c)
CDs-Ce0O, NC treated cells and (d) H,O, treated cells pre-incubated with CDs-CeO, NC. Scale

bar: 100 pm.
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As expected, the untreated and CDs-CeO, NC treated cells appeared green in colour indicating
an intact morphology. H,O, treated cells were greenish-yellow in colour, suggesting the onset
of apoptosis. Cells preincubated with CDs-CeO, NC upon H,O, exposure remained green in
colour, suggesting the possible role of CDs-CeO, NC in preventing oxidative-stress-mediated

apoptosis.

6.2.4 Cellular uptake

Cellular uptake and distribution of CDs-CeO, NC was evaluated qualitatively by fluorescence
microscopy. For this, the cells were incubated with CDs-CeO, NC for 2, 4 and 6 h and
counterstained with Lysotracker red (Fig. 6.12). Perceptible blue fluorescence (due to emission
of CDs) and red fluorescence (due to emission of Lysotracker red) was observed in the cells
under different filters. Moreover, an increase in the blue fluorescence inside the cells signifies
time dependent increase in intracellular concentration of CDs-CeO, NC. Closer examination of
micrographs at each time point ascertained overlapping positions of bright blue and red
fluorescence spots, endorsing co-localization. The merged fluorescence images further reveal
lysosomes as the cellular target of CDs-CeO, NC. For comparison, the cellular uptake of blank
CDs inside the cells at same concentration was also followed (Fig. 6.13). CDs essentially
localized inside the lysosomes with time, similar to CDs-CeO, NC. FE-SEM analysis was
performed for morphological and elemental analysis of CDs-CeO, NC treated NIH3T3 cells
(Fig. 6.14 (A)). As can be seen from the images, the cells were spindle-shaped and well-
attached, which typifies an intact morphology. Also, the detection of distinctive element (Ce)
by EDS elemental mapping confirmed the internalization of CDs-CeO, NC by the cells.
Cellular uptake was quantified by measuring the cellular dose of cerium using ICP-MS
(Fig. 6.14 (B)). In the stipulated time frame, average cerium concentration per cell increased
from 4.1 t012.11 pg. When the data was expressed in terms of uptake from the total added
cerium, the percentage cerium internalized by cells was in the range of 8.2-24.2 %. The
obtained results predicted time-dependent internalization of CDs-CeO, NC, which is in

concurrence with the findings by fluorescence microscopic imaging.

6.2.5 Intracellular bioimaging in presence of ROS
To investigate the competence of CDs-CeO, NC in imaging and protecting the cells from H,0,
mediated oxidative stress, qualitative and quantitative evaluation of fluorescence signal

emanating from the cells was done.
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Figure 6.12 Time-dependent cellular uptake and co-localization of CDs-CeO, NC (blue
fluorescence) and lysosomes (red fluorescence) in NIH3T3 cells. The overlay images were
generated by via RFP (lysotracker red) and DAPI (CDs) filters of fluorescence microscope.

Scale bar: 100 pum.
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Figure 6.13 Time-dependent cellular uptake and co-localization of CDs (blue fluorescence)
and lysosomes (red fluorescence) in NIH3T3 cells. The overlay images were generated by via

RFP (lysotracker red) and DAPI (CDs) filters of fluorescence microscope. Scale bar: 100 pm.
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Figure 6.14 (A) FE-SEM image of (a) NIH3T3 cells incubated with 50 pg mL™ CDs-CeO,
NC. (b) Colour coded EDS dot maps depicting the distribution of cerium inside the cells.
(c) Overlay FE-SEM image generated by combination of (a) and (b). (B) ICP-MS analysis for
the quantification of cerium internalized by NIH3T3 cells with increasing time. Results are

expressed as mean + standard deviation of two replicates.
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When the cells were treated with CDs alone, strong blue fluorescence was observed in the
cytoplasm of the cells (Fig. 6.15 (b)). Conversely, when CDs pretreated cells were exposed to
H.O,, a marked decrease in blue fluorescence of the cells was apparent (Fig. 6.15 (g)).
Similarly, the fluorescence intensity of H,O, treated cells was found to be on the lower side
compared to non H,0O, treated cells in the flow cytometeric analysis, which validates the above
observations (Fig. 6.15 (c,f)). Therefore, the fluorescence intensity of CDs could be used as an
indicator of oxidative stress in cells. CDs-CeO, NC penetrated and labelled the cells in a
similar manner. However, upon H,O, exposure, the CDs-CeO, NC treated cells maintained the
blue fluorescence emission inside the cells, suggesting non induction of oxidative stress
(Fig. 6.15 (h,k)). As a matter of fact, flow cytometry graphs portrayed only a comparatively
mild decrease in fluorescence signal of H,O, treated cells (Fig. 6.15 (i,l)). Thus, treatment of
cells with the fluorescent CDs-CeO, NC would lead to the inactivation of H,O, by CeO, along
with the concomitant monitoring of oxidative stress by fluorescence signal of CDs.

6.2.6 ROS scavenging

The ROS scavenging potential of CDs-CeO, NC was demonstrated in NIH3T3 cells subjected
to H,O, mediated oxidative stress. Microscopic analysis of ROS levels in treated and untreated
cells was done by DCFH-DA assay (Fig. 6.16 (al-d1)). H,O, treated cells exhibited strong
green fluorescence compared to untreated cells due to higher ROS levels. Subsequently, the
fluorescence of cells pretreated with either 50 or 100 pg mL™ of CDs-CeO, NC was
significantly reduced, implying efficient reduction in ROS levels. Quantitative analysis of
intracellular ROS levels was undertaken by flow cytometry and reported as the percentage of
gated cells expressing DCF signal with reference to control cells (Fig. 6.16 (a2-d2)). A
bimodal distribution of DCF fluorescence intensity profiles of H,O, treated cells was observed.
CDs-CeO, NC were effective in reducing intracellular ROS as evident by shifts in the cell
population from a region of higher oxidative stress (fluorescence intensity >10%) to a region of
lower oxidative stress (fluorescence intensity range: 10-10*) compared with cells exposed to
H,O; only. Consequently, the percentage of cells with elevated ROS levels decreased from 30.1
to 20 % with an increase in concentration of CDs-CeO, NC. For comparison, we also
determined the percentage reduction in ROS levels for cells treated with bare CeO, at identical
concentrations (Fig. 6.17). Accordingly, ROS levels decreased in a dose-dependent manner
from 24.2 to 16.5 %, which is almost comparable to CDs-CeO, NC treated cells. Hence, the
above examinations confirm the antioxidant potential of CDs-CeO, NC to mitigate the ROS

levels following their uptake inside the cells.
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Figure 6.15 Representative microscopic and flow cytometeric analysis of cells upon
treatment with equal concentration of CDs and CDs-CeO, NC (100 pg mL™ ) for 12 h in
absence or presence of H,O, (750 uM). Left and middle panel represents the microscopic
images acquired under bright field and DAPI filters. Scale bar: 100 pum. Right panel
corresponds to the fluorescence intensity of the respective samples recorded by a flow

cytometer.
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Fluorescence intensity_ MC_Ch02

Figure 6.16 Microscopic and flow cytometeric analysis of intracellular ROS levels in (al,a2)
untreated cells, H,0, treated cells pre-incubated without (b1,b2) and with (c1,c2) 50 ug mL™
and (d1,d2) 100 pg mL™? of CDs-CeO, NC. Upper panel: microscopic images of DCF
fluorescence. Scale bar: 100 pum. Lower panel: the corresponding flow cytometeric quantitation
of the same.
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Figure 6.17 Microscopic and flow cytometeric analysis of intracellular ROS levels in H,O;
exposed cells pre-incubated with (al,a2) 50 pg mL™* and (b1,b2) 100 pg mL™ of CeO,
nanoparticles. Upper panel: microscopic images of DCF fluorescence. Scale bar: 100 pm.

Lower panel: the corresponding flow cytometeric quantitation of the same.
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In summary, dual-modal CDs-CeO, NC was synthesized by a hydrothermal approach for
monitoring the intracellular distribution and ROS scavenging. Fluorescence spectroscopic
studies confirmed that the CDs-CeO, NC maintained their fluorescence emission in the
presence of relatively higher H,O, concentrations. Cells pre-incubated with CDs-CeO, NC
exhibited concentration dependent protective effects upon exposure to H,O,. Additionally,
CDs-CeO, NC was able to prevent H,O, mediated apoptotic effects. The intracellular
distribution of CDs-CeO, NC was discerned by its inherent blue fluorescence emission. The
fluorescence signal of CDs-CeO, NC inside the cells changed slightly in comparison to cells
treated with CDs alone upon H,0, incubation which can be attributed to the ability of CeO in

preventing oxidative stress.
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CHAPTER 7/

PREPARATION OF C-DOTS-SILVER
@ZINC OXIDE NANOCOMPOSITE FOR IN SITU
IMAGING AND THERAPEUTIC PURPOSES

7.1 Overview

C-dots have raised high expectations in biology as a result of their intrinsic biocompatibility
and remarkable fluorescence characteristics. Generally, organic dyes have been incorporated
into multifunctional nanocomposite (NC) systems to evaluate cellular uptake. For example,
coumarin-6 has been used as a fluorescent marker to evaluate the intracellular uptake of
nanoparticles (Liu et al., 2012b, Gao et al., 2013, Huang et al., 2013b and Tao et al., 2014).
However, coumarin-6 has certain disadvantages, such as water insolubility and cytotoxicity,
which discourages its use in intracellular studies. C-dots, on the other hand, are able to
circumvent these issues and could be useful candidates in monitoring cellular uptake.
Metal-based nanoparticles have been extensively applied in consumer-related applications. As
a result of their widespread use and our increased exposure to these nanoparticles, their
cytotoxicity has been studied in detail. Accordingly, Ag and ZnO nanoparticles have attracted
much attention as potential apoptotic agents for anticancer treatment, which has been
confirmed through various mechanistic studies (Gopinath et al., 2010, Sharma et al., 2012 and
Wahab et al., 2014). Conversely, most reported studies do not give a clear idea about the
cellular uptake of Ag and ZnO. With this motivation, an endeavour has been made to combine
C-dots with Ag@ZnO to form CD-Ag@ZnO NC with dual functionality. Consequently, PEG
was used as a surface passivation agent for generating CDs in a one-pot synthesis. The
negatively charged PEG passivation layer of CDs has the ability to form a hybrid assembly
with the positively charged Ag@2ZnO by electrostatic interactions. Further, the rationale behind
the study is to investigate the multifunctional aspects of the CD-Ag@ZnO NC, exploiting the
ability of the Ag@ZnO component to evoke apoptosis, while simultaneously using CDs as a
fluorescence imaging probe. To the best of our knowledge, this is the first report of the use of
CDs to examine the cellular uptake of metal-based NC systems. MCF-7 (breast cancer) and
A549 (lung cancer) cell lines have been selected as model systems for the study because these

are the most prevalent types of cancer in humans. To elucidate the multiple origins of
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apoptosis, the levels of reactive oxygen species (ROS) were measured and apoptotic gene
expression studies have been performed.

7.2 RESULTS AND DISCUSSION

7.2.1 Synthesis and characterization of CD-Ag@ZnO NC

A simple method has been demonstrated for synthesizing CD-Ag@ZnO NC by combining
negatively charged CDs with positively charged Ag@ZnO through electrostatic interactions
(Fig. 7.1 (A)). The optical properties and formation of CD-Ag@ZnO NC were studied using
various spectroscopic and microscopic techniques. The aqueous solutions of the as-prepared
CDs and Ag@ZnO showed a single absorption band at 257 (n-m* transition) and 372 nm,
respectively, whereas CD-Ag@ZnO NC showed two absorption bands at 251 and 348 nm
(Fig. 7.1 (B)). The fluorescence intensity of CDs in the CD-Ag@ZnO NC decreased slightly
with respect to that of the blank CDs (Fig. 7.1 (C)). This may be a result of photo-induced
electron transfer between the Ag@ZnO and CD components. The fluorescence quantum yield
of CD-Ag@ZnO NC was calculated to be 6.42 %, which was comparable with that of the CDs
(6.74 %) measured under similar parameters (Table 7.1). Similarly, the fluorescence lifetime
decay curves for the CDs and CD-Ag@2ZnO NC clearly show triple exponential decay and their
average lifetimes were calculated (Fig. 7.2 and Table 7.2). The mean lifetime of the
CD-Ag@ZnO NC was estimated to be 5.035 ns, slightly less than that of the CDs (5.204 ns).
The quantum vyield and fluorescence lifetime measurements prove that Ag@ZnO did not
completely quench the fluorescence of the CDs, in contrast with previous reports (Luo et al.,
2012 and Wang et al., 2014c). Consequently, the electrostatic interactions of CDs with
Ag@znO pursued in this work provide several advantages, such as the ability to retain the
fluorescent properties without any reduction in quantum yield and a minor reduction in the
fluorescence intensity of the NC with respect to CDs, which suggests their potential for cell
imaging (Datta et al., 2014). The TEM images of CD-Ag@ZnO NC provide direct evidence of
the distribution of the CDs on the surfaces of Ag@ZnO (Fig. 7.3 (A)). The average size of the
NC was estimated to be 37.5 + 3.2 nm. Zeta potential measurements were carried out to
examine the surface properties of the CD-Ag@ZnO NC (Fig. 7.3 (B)). The surface of the CDs
was negatively charged (zeta potential = -21.5 mV), whereas the Ag@ZnO surface was
positively charged (zeta potential = +22.3 mV). However, the zeta potential of CD-Ag@ZnO
NC was +10.8 mV, which implied that the Ag@ZnO was capped by CDs.
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Figure 7.1 (A) Schematic illustration of the synthesis of the CD-Ag@ZnO NC. (B) UV-visible

absorption spectra. (C) Fluorescence emission spectra (Aex = 320 nm; Aem = 400 Nm).

Sample Integrated Absorbance Refractive Quantum
emission at 360 nm index of yield at 360
intensity (1) (A) solvent (n) nm (Q)
Quinine sulphate 658172 0.0728 1.33 0.54 (known)
CDs 92856 0.0823 1.33 0.0674
CD-Ag@ZnO 88239 0.0821 1.33 0.0642
Table 7.1 Quantum yield measurements.
A B
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Figure 7.2 Fluorescence decay curve of (A) CDs and (B) CD-Ag@ZnO (Aex = 320 nm;

Aem = 400 nm).
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Sample a T,1(NS) a 7,(NS) as 3(Ns) | Ta(NS) | ¥

CD 0.5409 | 3.306 | 0.1521 | 0.590 | 0.3070| 10.833 | 5.204 | 1.169

CD-Ag@ZnO |0.5323 | 3.334 | 0.1634 | 0.644 | 0.3043 | 10.369 | 5.035 | 1.157

Volume (Percent)

Table 7.2 Tabular representation of fluorescence lifetime calculation.
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Figure 7.3 (A) Representative TEM image of CD-Ag@ZnO NC. (B) Zeta potential and (C)
size distribution of aqueous solutions of CDs, CD-Ag@ZnO and Ag@ZnO at pH 7.0. (D) FE-
SEM image of CD-Ag@ZnO NC and colour-coded SEM/EDX dot maps. (a) Overlay FE-SEM
image showing elemental distributions in CD-Ag@ZnO NC. (b-e) Individual elemental

distribution maps (red = C, cyan = Ag, yellow = Zn and green = oxygen).
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As shown in Fig. 7.3 (C), the average hydrodynamic diameter of the CDs was 2.4 nm. After
successful loading of the CDs, the hydrodynamic diameter of the CD-Ag@2ZnO NC (39.58 nm)
was slightly larger than that of the corresponding Ag@2ZnO (34.16 nm). To further verify the
presence of CDs and Ag@ZnO in the NC, elemental analysis was carried out using low
magnification FE-SEM (Fig. 7.3 (D)). The energy-dispersive X-ray spectrometry (EDS)
elemental mapping distributions indicated the presence of C, Ag, Zn and O evenly distributed
in the CD-Ag@ZnO NC. The overlay SEM image further showed the presence of carbon on
the surface, with the core consisting of Ag, Zn and O in agreement with the TEM and zeta

potential measurements.

Moreover, the EDAX spectrum revealed the relative percentage elemental composition of CD-
Ag@zZnO NC to be 14.84 % C, 56.11 % Ag, 19.05 % Zn and 10 % O (Fig. 7.4). N, adsorption-
desorption isotherms (Fig. 7.5 (A)) were recorded to determine the porous nature of Ag@ZnO.
Calculations based on the adsorption data using the BJH model indicated that Ag@ZnO had a
specific surface area of 6.560 m* g, a pore volume of 0.010 cm® g™ and an average pore
diameter of 1.49 nm. The TEM results (Fig. 7.5 (B)) show that the CDs were mostly spherical
and had an average diameter of about 2.1 nm, which implies that the CDs cannot penetrate the
1.49 nm pores of Ag@ZnO in the CD-Ag@ZnO NC (Wang et al., 2013a and Zhou et al.,
2013a). This observation is consistent with the TEM and zeta potential measurements. The
phase structure of the CD-Ag@zZnO NC was also explored. The XRD pattern shows a broad,
amorphous peak at 22.63°, which corresponds to the (002) plane of the CDs, whereas the
highly crystalline diffraction peaks match well with the typical wurtzite ZnO (JCPDS card #
36-1451) and face-centred cubic Ag (JCPDS card #04-0783) phases, respectively
(Fig. 7.6 (A)). Characteristic peaks obtained for the CDs and Ag@ZnO clearly agree with
previously reported results (Yu et al., 2012, Sachdev et al., 2014 and Matai et al., 2014). The
FTIR spectra show specific functional groups present in the CD-Ag@ZnO NC (Fig. 7.6 (B)).
The peaks at 3432, 1638 and 1403 cm™ were due to the O—H, C=0 and C-N groups of the
CDs. The passivating agent, PEG, imparts O—H functionality to the CDs. In addition, the peaks
at 1090, 804 and 708 cm™ corresponded to the Zn-O-Zn, Zn—O-H and Zn-O-Zn stretching
and bending frequencies, respectively. The absorption bands at 476 and 652 cm™ were
attributed to the stretching vibrations of the Zn-O and Ag-ZnO bonds (Matai et al., 2014).
Notably, no C-Ag nor C-Zn bond was found. This indicated that the negatively charged O-H
functionalized CDs were electrostatically adsorbed on the surface of the Ag@ZnO component
(Lietal., 2011a and Bian et al., 2014).
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7.2.2 In vitro cytotoxicity

The percentage cell viability was determined quantitatively by MTT assay. MCF-7, A549 and
L-132 cells were exposed to varying concentrations of the CD-Ag@ZnO NC (10-90 pg mL™).
The obtained results show a significant reduction in the viability of both cancer cell lines in a
dose-dependent manner. The ICs, values (at which 50 % of cells are dead) of CD-Ag@ZnO
against MCF-7 and A549 cells were 50 and 70 pg mL™, respectively (Fig. 7.7 (A) and (B)).
The MCF-7 and A549 cells treated with blank Ag@ZnO showed a severe decrease in cell
viability at similar concentrations. For example, the ICs, values for Ag@ZnO treated MCF-7
and A549 cells were 20 and 50 pg mL™, respectively which are far lower than those estimated
for CD-Ag@2Zn0O. However, the CD-Ag@ZnO NC showed mild cytotoxicity towards normal
L-132 cells compared with cancer cells in the same concentration range (Fig. 7.7 (C)).
Moreover, the probable reason for the lower cytotoxicity of the CD-Ag@ZnO NC compared
with the blank Ag@ZnO may be the presence of the CDs on the surface, which prevents the
premature interaction of the NC with the cells. Hence, the chances of aggregation of
CD-Ag@ZnO NC in cell culture media are minimized resulting in controlled cell death. The
biocompatibility of the CDs was clearly established as the cells treated with CDs had higher
cell viability (nearly 97 %), even at a high concentration of 3 mg mL™, compared with cells
treated with CD-Ag@2ZnO NC and Ag@ZnO (Fig. 7.7 (D)). To further validate the differential
toxic effect of CD-Ag@ZnO NC, the morphology of the cancer and normal cells treated at
similar concentrations was examined by an inverted microscope under bright-field conditions.
The A549 and MCF-7 cells treated with 50 ug mL™of the CD-Ag@ZnO NC appeared rounded
and had shrunk in size. At a similar concentration, the treated L-132 cells showed a
predominantly healthy and normal morphology to that of untreated control cells, with few
rounded cells (Fig. 7.8). These results indicate that the reduction in cell viability is primarily
due to the action of the Ag@ZnO component in the CD-Ag@ZnO NC.

7.2.3 Cellular uptake

Cellular uptake is an important factor contributing to the action and cytotoxic effects of
nanoparticles (Liu et al., 2012b, Gao et al., 2013 and Gliga et al., 2014). MCF-7 and A549 cells
were selected as models to evaluate the cellular uptake of the CD-Ag@ZnO NC inside cancer
cells. The cells were incubated with different concentrations of the CD-Ag@ZnO NC and their

uptake was monitored qualitatively by fluorescence microscopy (Fig. 7.9).
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Figure 7.7 Cell viability of (A) MCF-7, (B) A549 and (C) L-132 cells estimated from the MTT
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The fluorescence emitted from the CDs in the CD-Ag@ZnO NC was used to track the cellular
localization of the CDs. Blank CDs were internalized in the cytoplasm of the cells, but could
not enter the nucleus (Fig. 7.9 e and m) (Sachdev et al., 2014). However, in case of
CD-Ag@ZnO NC treated cancer cells, cytoplasmic as well as nuclear localization was
observed in a dose-dependent manner. At lower concentrations (20 pug mL™), the CD-Ag@ZnO
NC were mostly distributed in the cytoplasm (Fig. 7.9 f and n). Nevertheless, at higher
concentrations (50 and 70 pg mL™), along with the cytoplasmic internalization, bright green
fluorescence was also observed in the nucleus of MCF-7 and A549 cells (Fig. 7.9 g, h, o
and p). A plausible explanation for nuclear uptake could be rupturing of the nuclear membrane
at higher concentrations, resulting in enhanced permeability to the NC. Using Hoechst 33342 as
a marker of the nucleus, the cellular uptake of the CD-Ag@ZnO NC was tracked (Wang et al.,
2013a and Zhao et al., 2014). The onset of cellular uptake was observed after 0.5 h of
treatment, followed by a continuous increase up to 3 h (Fig. 7.10). In both cancer cell types, a
green fluorescence was initially observed around the cell nuclei. With increasing time, we
observed the co-localization of blue (Hoechst 33342) and green fluorescence (CD-Ag@ZnO
NC), suggesting nuclear internalization. Cytoplasmic constriction was also observed with time.
We used L-132 cells to examine the cellular uptake of CD-Ag@ZnO NC in normal cells.
Interestingly, the normal cells exhibited efficient cellular uptake without any substantial
cytotoxic effects at similar concentrations (Fig. 7.11) (Mukherjee et al., 2014). However, no
nuclear uptake was observed in normal cells, in contrast with cancer cells. These results suggest
a differential uptake pattern of CD-Ag@ZnO NC in human cancer and normal cells. The
cellular uptake of CD-Ag@ZnO NC was both concentration- and time-dependent (Fig. 7.12).
As the concentration of NC increased, the fluorescence intensity and hence the uptake of NC
increased in both MCF-7 and A549 cells (Fig. 7.12 (A)). Likewise, an enhanced uptake of
CD-Ag@ZnO NC was observed with increasing incubation time up to 3 h in both the cancer
cell lines (Fig. 7.12 (B)). As is evident from these investigations, the cellular uptake differed
between the two cancer cell lines. At equal concentrations and similar time points, CD-
Ag@ZnO NC was taken up by the MCF-7 cells at higher levels than the A549 cells. AAS was
further used to quantify the cellular doses of Ag* and Zn?* at different concentrations of CD-
Ag@ZnO (Fig. 7.12 (C) and (D)) (Gliga et al., 2014). The average Ag" concentration per cell
was in the range 6-10.4 pg for MCF-7 cells and 5.2-9.25 pg for A549 cells. Correspondingly,
the average Zn®* content per cell was in the range 4.67-12.39 pg (MCF-7) and 3.53-9.71 pg
(A549). From the results obtained, it was apparent that the MCF-7 cells had higher intracellular
doses of Ag and Zn than the A549 cells.
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Figure 7.9 Fluorescence microscopic images showing the cellular uptake in (A) MCF-7 and
(B) A549 cells. Upper panel: MCF-7 cells treated with (a and e) CDs and (b and f) 20 ug mL™,
(c and g) 50 pg mLand (d and h) 70 pg mL*CD-Ag@ZnO NC. Lower panel: A549 cells
treated with (i and m) CDs and (j and n) 20 pg mL™?, (k and 0) 50 ug mL™, (I and p) 70 pg mL™
CD-Ag@ZnO NC. The images in (a-d) and (i-1) are the corresponding bright-field images. The
white and red arrows represent the cytoplasm and nuclear localization, respectively.

Scale bar: 100 pm.
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A

Figure 7.10 Time-dependent overlay images of (A) MCF-7 and (B) A549 cells treated with
50 pg mL™* CD-Ag@ZnO NC and stained with Hoechst 33342.Yellow and white arrows
represent cytoplasm and nuclear localization, respectively. Overlay images have been acquired
using a combination of DAPI (for Hoechst 33342) and GFP (for CD-Ag@ZnO NC) filters.
Scale bar: 100 pm.
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Figure 7.11 Fluorescence microscopic images depicting the cellular uptake in L-132 cells.
a,e) CDs and b,f) 20 pg mL™?, ¢,g) 50 pg mL™, d,h) 70 pg mL™* CD-Ag@ZnO NC treated

L-132 cells. The images in the upper panel are corresponding bright field images.
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Figure 7.12 Quantitative cellular uptake of CD-Ag@ZnO NC.(A) Cellular uptake of different
concentrations of CD-Ag@ZnO NC for 2 h (B) Cellular uptake of 50 pg mL™ CD-Ag@ZnO
NC for different times. Quantitative cellular doses of (C) Ag and (D) Zn treated with different
concentrations of CD-Ag@ZnO NC for 3 h. The values are represented as mean + S.E.M. of
two individual experiments. Statistical significance between MCF-7 and A549 cells treated
with CD-Ag@ZnO NC is denoted by * (p < 0.05).
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7.2.4 Cell death and cell morphology

The apoptosis-inducing ability of Ag and ZnO is one of the most widely studied mechanisms in
cancer cells (Gopinath et al., 2010, Rasmussen et al., 2010, Sanpui et al., 2011, Hsiao et al.,
2011 and Akhtar et al., 2012). To distinguish between live, apoptotic and necrotic cells in
MCF-7 and A549 cells treated with CD-Ag@ZnO NC, DNA intercalating AO/EB dual-dye
staining was performed (Sharma et al., 2014). The AO dye can permeate the cell nucleus of
both viable and apoptotic cells and emits green fluorescence on binding to double-stranded
DNA and red fluorescence when bound to single-stranded DNA or RNA. Conversely, EB can
only enter cells with a disrupted plasma membrane and emits an orange fluorescence on
intercalation into DNA. Early apoptotic (EA) cells have an intact cell membrane and show
bright green granules, indicating nuclear fragmentation. Late apoptotic (LA) cells have a
compromised nuclear membrane with more permeability to EB and their nucleus appears
orange in colour. The emission from the CDs was not considered here because of the relatively
weak fluorescence of bare CDs compared with the fluorescent dye (Wang et al., 2013a). As can
be seen in Fig. 7.13 a and e, the untreated MCF-7 and A549 cells appeared green, indicating
healthy viable cells. However, the MCF-7 cells treated with lower concentrations (20 pg mL™)
of CD-Ag@ZnO NC displayed more EA and fewer LA cells (Fig. 7.13 b), whereas only EA
cells were seen at similar concentrations in A549 cells (Fig. 7.13 f). In contrast, with increasing
concentrations of NC (50 and 70 pg mL™), the LA cells outnumbered the EA cells (Fig. 7.13 c,
d, g and h). FE-SEM studies were performed to study the morphological changes associated
with apoptosis in cancer cells exposed to CD-Ag@2ZnO NC. Fig. 7.13 C shows that the control
cells were spindle-shaped, well-attached to the surface and had an intact membrane
morphology. In contrast, the ICsq treated cells shrunk in size, became rounded, loosely attached
and exhibited membrane blebbing, which are the hallmarks of apoptotic cell death (Gopinath et
al., 2010 and Sanpui et al., 2011). The apoptotic effects of CD-Ag@ZnO NC were more
pronounced in MCF-7 cells than in A549 cells, clearly endorsing the higher cellular uptake of
NC in MCF-7 cells.

7.2.5 ROS production and expression of apoptotic genes

It is a well-known fact that increased levels of ROS can result in oxidative stress, ultimately
leading to apoptosis in cancer cells. Earlier studies have implicated excessive ROS production
on exposure to Ag and ZnO as leading to cellular oxidative stresses (Rasmussen et al., 2010,
Sanpui et al., 2011, Wahab et al., 2014 and Mukherjee et al., 2014).
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Figure 7.13 Fluorescence microscopic images of AO/EB stained cells of (A) MCF-7 and (B)
A549 cells. (a,e) untreated and (b,f) 20 ug mL?, (c,g) 50 pg mL™, (d,h) 70 pg mL™
CD-Ag@ZnO NC treated cells. EA and LA represent early apoptotic and late apoptotic cells
respectively. Scale bar: 100 um. (C) Representative FE-SEM images of untreated and
CD-Ag@ZnO NC treated cells. Scale bar: 2 um (untreated) and 1 um (treated).
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Under such circumstances, the efficiency of the cellular antioxidant mechanisms is reduced,
resulting in mitochondrial dysfunction and DNA damage (Yu et al., 2014). Therefore, we
evaluated the role of oxidative stress in cytotoxicity mediated by CD-Ag@ZnO NC using a
DCFH-DA dye based assay. This assay is based on the passive uptake of the non-fluorescent
DCFH-DA dye, which reacts with the ROS inside the cells and is subsequently converted to
highly fluorescent DCFH by the action of intracellular esterases. The ROS levels were
quantified by determining the percentage of fluorescent cells using a flow cytometer
(Fig. 7.14). The fluorescent signal of the CDs showed little interference with the fluorescence
signal of DCF during the flow measurements as a result of the relatively weak brightness of the
CDs compared with DCF. From these results it was clear that the CD-Ag@ZnO NC treated
cells showed more ROS production than the untreated cells. For the MCF-7 treated cells, the
percentage of cells with elevated ROS increased from 14.4 to 47.6 % with an increase in the
concentration of NC (Fig. 7.14 a-d). The treated A549 cells also showed increased generation
of ROS in a dose-dependent manner from 5.3 to 28 % (Fig. 7.14 e-h). At similar treatment
concentrations, intracellular ROS production was increased in the MCF-7 cells compared with
the A549 cells. For comparison, we also determined the percentage induction of ROS in cancer
cells treated with Ag@ZnO at identical concentrations. The intracellular ROS production
increased from 24.1 to 81.6 % for the MCF-7 cells and 14.7 to 69.4 % in the A549 cells,
respectively (Fig. 7.15), which is much higher than in the CD-Ag@ZnO treated cancer cells.
The dissolution of Ag@ZnO and CD-Ag@ZnO NC in DMEM cell culture medium was
analysed by AAS (Fig. 7.16). Ag@ZnO released more Ag* and Zn*" ions than CD-Ag@ZnO
NC at all lengths of time (3, 6 and 12 h) and at all concentrations (20, 50 and 70 ppm).
Nevertheless, the concentrations of ions released from the NC have been implicated in the
production of ROS (Hsiao et al., 2011 and Turney et al., 2012). Comparatively lower ROS
production in CD-Ag@ZnO NC treated cancer cells was perhaps a result of the lower release
rate of Ag* and Zn** ions from Ag@ZnO cores. All these findings correlate perfectly with the
cytotoxicity and cellular uptake studies, in which the MCF-7 cells were found to be more
sensitive than the A549 cells under similar treatment regimens. Based on these outcomes, it
was favourable to use MCF-7 cells to explain the apoptotic gene expression in cells exposed to
CD-Ag@ZnO NC with reference to untreated cells. In this regard, semi-quantitative RT-PCR
was used to analyse the levels of expression of pro-apoptotic genes (p53, caspase 3, bax, bad
and c-myc), anti-apoptotic genes (bcl-2, bcl-xI) and the housekeeping gene B-actin in MCF-7

cells.
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Figure 7.14 Flow cytometeric analysis of ROS production in MCF-7 and A549 cells. Upper
panel: (a) untreated and (b) 20 pg mL™, (c) 50 ug mL™, (d) 70 pg mL™* CD-Ag@ZnO NC
treated MCF-7 cells. Lower panel: (e) untreated and (f) 20 pg mL™, (g) 50 pg mL™, (h) 70 pg
mL! CD-Ag@ZnO NC treated A549 cells.
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Figure 7.15 Flow cytometeric analysis of ROS production in MCF-7 and A549 cells. Upper
panel: (a) untreated and (b) 20 pg mL™, (c) 50 pg mL™, (d) 70 pg mL™* Ag@ZnO treated MCF-
7 cells. Lower panel: (e) untreated and (f) 20 pg mL™, (g) 50 pg mL?, (h) 70 pg mL*
Ag@2ZnO treated A549 cells.
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Figure 7.16 AAS analyses of silver (A-C) and zinc (D-F) ions released from Ag@ZnO and
CD-Ag@ZnO NC after 3, 6, and 12 h in DMEM. Particle suspension: (A,D) 20 ppm; (B,E) 50
ppm; (C,F) 70 ppm.

The results indicated up-regulation of p53, caspase 3, bax, bad and c-myc genes (indicated by
upward arrow) and down-regulation of the bcl-2 and bcl-xI genes (indicated by downward
arrow) in treated cells compared with untreated cells (Fig. 7.17 (A) and (B)). The expression of
B-actin remained the same. It is already known that the bcl-2 (B-cell lymphoma 2) family
controls mitochondrial outer membrane permeabilization and could lead to pro-apoptotic (bax,
bad) or anti-apoptotic effects (bcl-2, bcl-xl) by altering the inner mitochondrial membrane
permeability transition pore. The anti-apoptotic potential of bcl-xI (basal cell lymphoma-extra
large) prevents the cell from entering into p53-mediated apoptosis. Further, the destabilization
of the mitochondrial membrane by cytotoxic agents has been associated with caspase activation
(Chao et al., 1998). Up-regulation of the p53 gene was observed, which indicated the start of
the p53-mediated apoptotic pathway. Up-regulation of bax and bad, together with the down-
regulation of bcl-2 and bcl-xI expression, was also observed in cells treated with CD-Ag@ZnO
NC, which made the outer mitochondrial membrane more permeable. In addition, p53 is known
to up-regulate bax, which is translocated to the mitochondria and changes its membrane
permeability (Wolter et al., 1997). This allows the secretion of cytochrome c into the cytosol,
leading to up-regulation of caspase 3 in treated cells, as observed here (Yang et al., 1997 and
Kluck et al., 1997).
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Figure 7.17 (A) Semi-quantitative RT-PCR analysis of apoptotic signalling genes. Lane 1 and
2: untreated and CD-Ag@ZnO NC treated MCF-7 cells (50 pg mL™) respectively. (B) Fold
difference in gene expression in treated MCF-7 cells as compared to untreated MCF-7 cells.
Data is represented as mean + SD of two individual experiments. Statistical significance
between groups is denoted by * (p < 0.05) and ** (p < 0.001). (C) Schematic illustration of
cellular uptake and apoptosis induction by CD-Ag@zZnO NC.
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These observations corroborate well with previous reports (Gopinath et al., 2010, Sanpui et al.,
2011, Akhtar et al., 2012, Sharma et al., 2012 and Wahab et al., 2014). In succession, the up-
regulation of c-myc, a pro-apoptotic gene, was also seen, which in turn plays a significant part
in down-regulating the anti-apoptotic genes bcl-2 and bcl-xl. This is evident by the increase in
expression of c-myc, together with the decrease in expression of the bcl-2 and bcl-xI genes.
Overall the sequence of events leading to apoptosis in CD-Ag@ZnO NC treated cells was
illustrated. First, the NC attached and damaged the integrity of the cell membrane. On cellular
uptake, the NC induced oxidative stress by evoking ROS and triggered the p53-mediated
apoptotic pathway through which most of the chemotherapeutic drugs induce apoptosis
(Fig. 7.17 (C)).

In summary, a dual-functional CD-Ag@ZnO NC was synthesized for simultaneous evaluation
of cellular uptake and apoptosis induction. CD-Ag@ZnO NC exhibited enhanced
antiproliferative effects against MCF-7 breast cancer cells compared to A549 lung cancer cells
in a dose-dependent manner. Despite this potency, the CD-Ag@ZnO NC was less cytotoxic to
normal lung L-132 cells than cancer cells in the same concentration range. Green fluorescence
emission of CDs in CD-Ag@ZnO NC aided in tracking the intracellular distribution as well as
in distinguishing between non-apoptotic and apoptotic cells under fluorescence microscopy
based on the fluorescence staining pattern. Quantitative cellular uptake analysis of
CD-Ag@ZnO NC indicated the accumulation of Ag* and Zn®** inside the cells in a
concentration dependent manner. Subsequently, a detailed apoptotic mechanism was elucidated
upon induction of CD-Ag@ZnO NC.
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CHAPTER 8

FORMULATION OF C-DoTs
INTEGRATED POLYMERIC HYDROGELS
AS A NANOCARRIER FOR DELIVERY OF

CHEMOTHERAPEUTIC DRUG FOR CANCER
THERANOSTIC APPLICATIONS

8.1 Overview

Design and synthesis of polymeric nanocarriers with imaging and therapeutic modalities has
been of prime significance for cancer nanotheranostics, circumventing the drawbacks
associated with conventional cancer diagnosis and treatment (Janib et al., 2010 and Gopinath et
al., 2015). In this context, hydrogels could also serve as an ideal system for simultaneous
loading of imaging agents and anticancer drugs (Goncalves et al., 2014 and Li et al., 2015a).
Chitosan-based hydrogels have been explored as anticancer drug delivery carriers due to their
inherent properties of stimuli responsiveness, biocompatibility and biodegradability (Shu et al.,
2001, Kumar et al., 2004 and Zhou et al., 2015). Over the past decade, C-dots have been the
subject of intense research for bioimaging applications. An important parameter that influences
the practicality of C-dots as bioimaging agents in multifunctional systems is their stability in
composite form. Recent reports highlight the possibility of combining C-dots with metal
nanocomposites as well as polymeric nanocarriers without compromising their fluorescence
(Wang et al., 2013a, Liu et al., 2012a, Matai et al., 2015 and Sachdev et al., 2015b). This
strategy provides new avenues for designing similar multifunctional platforms and opens a new
area for the application of C-dots. There have been quite a few reports on the incorporation of
C-dots in hydrogels for various bio-medical applications (Huang et al., 2013a, Gogoi et al.,
2015 and Konwar et al., 2015). Conversely, the approach to combine C-dots based chitosan
hydrogels with chemotherapeutic drugs for cancer theranostics is yet to be explored. A
proficient approach involving chitosan-PEI combination has been followed for producing green
fluorescent C-dots in a single step. Moreover, the model chemotherapeutic drug, 5-Fluorouracil

(5-FU) used in the study has been proven effective against a variety of cancers including skin,
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colorectal, liver, breast, pancreatic and lung cancers with a known mechanism of action.
Following the above line of thoughts, herein multifunctional chitosan hydrogels synthesized by
ionic cross-linking reactions have been reported. Creation of such formulations involves the
inclusion of pre synthesized C-dots and 5-FU to form a dual-functional hybrid assembly
(5-FU@CD-HY). In order to attain higher loading capacities, CDs and 5-FU were added during
the formation of hydrogels. In the ensuing work, non-covalent pathway pursued for fostering
the hybrid assembly has several benefits: (i) ionic interactions mediated integration of CDs
with the ability to retain fluorescence properties, (ii) physical entrapment utilizing hydrophobic
interactions for loading of 5-FU without any loss of activity inside hydrogel matrices and (iii)
robust hybrid materials for biological applications (vide infra) (Yokoyama et al., 1998 and
Datta et al., 2014). As a proof of concept, in vitro evaluation of bioimaging and therapeutic
potential of 5-FU@CD-HY was done on A549 (human lung adenocarcinoma) cells. The
purpose of incorporating CDs was, on one hand, to evaluate the cellular uptake of 5-FU@CD-
HY and, on the other hand, to furnish the morphological changes induced by the action of
5-FU. To the best of our knowledge, this is the first instance where the CDs based hydrogel
formulations have been used for cellular examinations in cancer cells. Finally, apoptosis
evoking ability of released 5-FU was elucidated by carrying out various biochemical,
morphological and molecular studies. Hence, this work envisions 5-FU@CD-HY as a versatile
means for synchronized bioimaging and controlled drug release in cancer theranostic

applications.

8.2 RESULTS AND DISCUSSION

8.2.1 Synthesis and characterization

Chitosan hydrogel (HY) was synthesized by cross-linking chitosan polymeric chains with
glycerol. C-dots were synthesized by hydrothermal carbonization of chitosan, using
polyethyleneimine (PEI) as an amine passivating agent which is known to effectively enhance
the fluorescence properties (Sachdev et al., 2014). CD-HY preparation involves blending of
C-dots with chitosan—glycerol solution. This method is based on ionic interaction and hydrogen
bonding between amino groups of chitosan and C-dots with hydroxyl groups of glycerol,
followed by the precipitation with NaOH. In a similar manner, 5-FU was encapsulated inside
CD-HY matrices through hydrophobic interactions to forge 5-FU@CD-HY formulation. Step-
wise sequence of events leading to the formation of 5-FU@CD-HY has been pictorially
represented in Figure 8.0. UV-vis absorption spectra of HY did not display any peak in the
region 200-700 nm, while CD-HY depicted characteristic peaks of CDs at 273 and 343 nm
(marked by arrows in Fig. 8.1 (A)) in the same absorption range. For 5-FU@CD-HY, the
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absorption peak shifted to 263 nm, while the peak at 343 nm remained unchanged. The
observed peak shift along with absorption enhancement for 5-FU@CD-HY was due to the
interaction between the components of hydrogel (5-FU and CDs). The inset in Fig. 8.1 (A)
shows the photograph of blank HY (white) and 5-FU@CD-HY (brown) in hydrated form. The
transition in colour suggests the inclusion of CDs in the hydrogels. A key aspect to be
considered is the incorporation of CDs with intact fluorescence properties in the hydrogel. To
investigate the same, fluorescence emission spectrum of CD-HY and 5-FU@CD-HY was
recorded (Fig. 8.1 (B)). Both the formulations had an emission maximum at 450 nm upon 360
nm excitation wavelength, thereby demonstrating optical property similar to free CDs, as
reported previously (Sachdev et al., 2014). However, the fluorescence intensity decreased
slightly upon the addition of 5-FU in 5-FU@CD-HY which was primarily due to charge
transfer processes between functional groups of 5-FU and CDs (Jin et al., 2013a and Khan et
al., 2015b). Eventually, the digital image of hydrated 5-FU@CD-HY exhibits bright green
fluorescence upon irradiation with UV light, which also substantiates the stability of CDs in
solid form (inset in Fig. 8.1 (B)). Internal structure of freeze-dried 5-FU@CD-HY was
examined by FE-SEM micrograph (Fig. 8.2 (A)). The cross-sectional view revealed irregular,
highly porous and interconnected networks, typical of hydrogels. CDs were too small to be
visualized by FE-SEM. The existence of CDs in matrices of 5-FU@CDHY could be clearly
discerned by TEM micrographs, wherein many dark tiny domains of CDs generated a clear
contrast with the relatively gray hydrogel matrix (Fig. 8.2 (B)). A high-resolution TEM image
further depicts uniform distribution of CDs within the hydrogel matrix (Fig. 8.2 (C)). The
average hydrodynamic diameter of HY was 229 nm, whereas the same for CD-HY was found
to be 287 nm. With the addition of 5-FU to CD-HY, the size of 5-FU@CD-HY further
increased to 382 nm, thereby suggesting the entrapment of 5-FU drug molecules (Fig. 8.2 (D)).
Further, EDAX analysis confirmed the presence of distinctive element pertaining to 5-FU
(fluorine) in 5-FU@CD-HY (Fig. 8.3). FTIR spectroscopy was performed for studying the
formation of HY and 5-FU@CD-HY (Fig. 8.4 (A)). Characteristic peaks of chitosan at 3437,
1644 and 1580 cm* represented O-H absorption band, amide | (C=0) stretching vibration and
amide Il (N-H) bending vibration. Other significant peaks in the chitosan spectra at 1412 and
1321 cm™* corresponded to C-H vibrations, while peak at 1269 cm * was due to C-N bond
stretching.
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Figure 8.1 (A) UV-vis absorption spectra and (B) Fluorescence emission spectra of HY
(black), CD-HY (red) and 5-FU@CD-HY (blue). Insets in Fig. 1(A) are the photographs of HY
(left) and 5-FU@CD-HY (right) under daylight. Inset in Fig. 1(B) shows fluorescent
5-FU@CD-HY under UV light.



CHAPTER 8 141

W HY
HCD-HY
H5-FU@CD-HY

Irtensity (Percent)

01 1 10 100 1000 10000
Size (d.nm)
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Figure 8.3 EDAX spectrum of 5-FU@CD-HY.
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Additionally, small peaks at 1085 and 1015 cm * could be assigned to C-O stretching vibration.
In case of HY, the characteristic peak at 1580 cm ™" in chitosan spectra was red-shifted to 1564
cm %, while the peak at 1269 cm™ disappeared due to strong ionic interaction between N-H
groups of chitosan and O-H groups of glycerol (Lawrie et al., 2007, Li et al., 2011b and
Nagarwal et al., 2011). Furthermore, the peaks at 1412 and 1321 cm* became sharp and
intense, which indicated increased interaction among chitosan monomers in the hydrogel
networks. A relative increase in stretching vibration of C-O groups in HY was seen due to the
cross-linking reaction. With regard to 5-FU@CD-HY, some additional peaks of 5-FU at 1280
(C-F), 1258 and 1221 cm™* (aromatic ring structure), 759 cm* (CF=CH) were apparent which
confirmed the encapsulation of 5-FU. In the present case, slight peak shift was seen for CF=CH
bond in 5-FU due to effective interactions between 5-FU and hydrogel matrices, which is also
supported by previous reports (Li et al., 2011b and Nagarwal et al., 2011). Moreover, in case of
HY and 5-FU@CD-HY widening of peak at 3437 cm™ was observed compared to chitosan
owing to hydrogen bonding between chitosan, glycerol and CDs (Konwar etal., 2015). Changes
in thermal stability of hydrogel formulations with the addition of 5-FU and CDs were studied
by TGA (Fig. 8.4 (B)). Thermograms of HY, CD-HY and 5-FU@CD-HY showed negligible
difference in the degradation pattern upto 100 °C. CD-HY and 5-FU@CD-HY followed
multiple degradation steps along with higher weight depletion rates beyond 250 °C compared
to HY. Consequently, beyond 400 °C significant difference in degradation profiles of the
samples was documented. At 550 °C, about 53 % weight loss was observed for HY, which
increased to 68 % and 69 % in case of 5-FU@CD-HY and CD-HY, respectively. Such
lowering of thermal stability can be owed to integration of CDs and 5-FU and its interference
with the hydrogel matrix formation. Zeta potential measurements were conducted to elucidate
the surface charge and interactions among the components of 5-FU@CD-HY (Fig. 8.5). Zeta
potential of HY and CD-HY was found to be +45.2 and +39.3 mV, respectively. Due to anionic
nature of 5-FU, zeta potential of 5-FU@CD-HY decreased (+34.9 mV) indicating
encapsulation of 5-FU. Evidently, electrostatic interactions between 5-FU and chitosan chains
as well as physical entrapment effect were the driving force for the loading of drug inside
5-FU@CD-HY during the gelation process (Zhu et al., 2013a). The amount of 5-FU in
5-FU@CD-HY was determined by concentration-absorption curve of 5-FU. Further, the
encapsulation efficiency of 5-FU@CD-HY was estimated to be 54.56 + 2.03 %. Swelling
studies were performed to examine the water absorption and cross-linking density in hydrogel
formulations (Ruiz et al., 2001 and Peng et al., 2007). From these experiments, % degree of
swelling (w/w) for HY, CD-HY and 5-FU@CD-HY was estimated to be 30, 47 and 49 %,

respectively.
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Generally, an increase in degree of polymer cross-linking results in a rigid, less porous
structure due to which the swelling decreases (Xing et al., 2014 and Kumar et al., 2014).
Likewise, increased swelling in case of CD-HY and 5-FU@CD-HY was attributed to decrease
in degree of cross-linking due to the presence of CDs and 5-FU. Alternatively, optimum degree
of cross-linking in HY lead to minimal water uptake. N, adsorption—desorption isotherms were
recorded to establish the porous nature of hydrogels (Fig. 8.6 (A)). Compared to HY, the
adsorbed volume of N, increased in case of 5-FU@CD-HY. Calculations based on the
isotherms using the BET method were used for the determination of specific surface area and
pore volume (Table 8.1). Increase in surface area (182.55 m? g*) and pore volume (0.07581
cm®g™") was observed upon the integration of CDs and 5-FU. Thus, BET analysis predicted that
5-FU@CD-HY had more porosity compared to HY. This difference can be ascribed to the
formation of lesser cross-links between chitosan chains during gelation due to the introduction

of 5-FU and CDs. The above observations corroborates well with the swelling studies.

Mechanical stability of hydrogels is one of the decisive factors in determining their
applicability for biomedical purposes. Therefore, tensile tests were performed to evaluate the
mechanical properties of hydrogels. Stress-strain plots for HY, CD-HY and 5-FU@CD-HY
have been presented in Fig. 8.6 (B). Tensile strength (TS) and percent elongation at break for
the samples are summarized in Table 8.2. TS value of HY was calculated to be 14.86 MPa,
which decreased upon the successive addition of payload (CDs and 5-FU) to the hydrogel.
Lower cross-linking density in CD—HY and 5-FU@CD-HY resulted in reduced tensile strength
as well as stiffness. The change in mechanical strength is consistent with the swelling
behaviour and TGA analysis. Conversely, the percent elongation at break value was higher for
CD-HY and 5-FU@CD-HY, which is inversely correlated with the tensile strength. This trend
can be understood by the stronger interactions of CDs and 5-FU with the hydrogel matrix,

thereby rendering more flexibility (Xu et al., 2006).

8.2.2 In vitro drug release studies

An important aspect of an efficient nanocarrier is its ability to release the encapsulated drug in
a sustained manner. For this end, in vitro release studies of 5-FU@CD-HY were performed at
pH 5.5 and 7.4, respectively. Fig. 8.7 depicts time-dependent release profiles of 5-FU in a
biphasic manner, exemplified by an initial burst release followed by a period of sustained

release. From the figure, pH dependent release of 5-FU was evident at all time points.
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Sample Surface area (m“ Pore volume (cm’
-1 -1
g7) g7)
HY 168.56 0.05197
5-FU@CD-HY 182.55 0.07581

Table 8.1 Estimation of surface area and pore volume of freeze-dried hydrogels through BET

method.
Sample Tensile strength Elongation at
(MPa) break (%0)
HY 14.86 6.68
CD-HY 12.27 7.46
5-FU@CD-HY 10.65 8.52

Table 8.2 Mechanical properties of hydrogel formulations.
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Figure 8.7 Time-dependent release profile of 5-FU from 5-FU@CD-HY. Experiments were
performed at 37 °C in acetate buffer (pH 5.5) and phosphate buffer saline (pH 7.4).
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Cumulative release rate of 5-FU increased from 60 % at pH 7.4 to about 85 % at pH 5.5 within
48 h. Acceleration of drug release under acidic conditions could be due to the weakening of
interactions between 5-FU and hydrogel, owing to ionization of chitosan chains at low pH
(Li et al., 2009 and Duan et al., 2011). In addition, other parameters like pH dependent
swelling, cross-linking density and porosity of hydrogels can modulate the release of the drug
under various conditions (Peppas et al., 2000a and Berger et al., 2004). Slow release of 5-FU at
physiological conditions (pH 7.4) compared to acidic environment is advantageous since tumor
cells have an acidic microenvironment. Hence, these hydrogels can be considered apposite

candidates for anticancer drug delivery.

8.2.3 MTT Assay

To evaluate the utility of hydrogels as effective drug carriers, cell viability studies based on
MTT assay were performed along with appropriate controls. Different formulations of
hydrogels carrying different amounts of 5-FU and CDs were evaluated (Fig. 8.8 (A)). A549
cells treated with blank HY exhibited good cell viability at all the tested concentrations,
satisfying the criteria for a biocompatible nanocarrier. On the other hand, CDs are already
known to be biocompatible imaging agents, endorsed by our previous studies as well (Sachdev
et al., 2014, 2015b). Similarly, CD-HY treated cells had appreciable cell viability (> 90 %)
even at high concentrations of CDs. Nevertheless, with the addition of 5-FU to CD-HY a
significant decline in cell viability was observed. More importantly, 5-FU@HY or 5-FU @CD-
HY loaded with equivalent amount of 5-FU were able to inhibit the growth of A549 cells, with
inhibition efficiency comparable to free 5-FU in a dose-dependent manner. For instance, at a
5-FU concentration of 3.2 pg mL™, cell viability reduced to almost 38 % with free 5-FU,
whereas nearly equivalent cell viability (49 % and 46 %) was obtained after treatment with 5-
FU@HY and 5-FU @CD-HY. With an increase in the concentration of 5-FU from 1.6 to 6.4
ng mL™, cell viability significantly decreased from 57 % to 27 % in 5-FU@CD-HY treated
cells. Given the fact that HY did not affect the cell viability, the observed anti-proliferative
effects were exclusively due to the loaded 5-FU drug. Essentially, the CDs did not contribute to
the exhibited anti-proliferative action of 5-FU@CD-HY. Under similar treatment regime, the
same set of hydrogel formulations displayed comparatively less cytotoxic effect on normal
NIH3T3 cells (Fig. 8.8 (B)). In order to visualize the morphological changes in A549 cells
upon incubation with HY, CD-HY, 5-FU@HY, 5-FU@CD-HY and free 5-FU, bright field
images were taken after 48 h (Fig. 8.9). Cells treated with HY, CD-HY retained a healthy
morphology similar to control untreated cells (elongated spindle like shape and adhered to the

matrix).
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Figure 8.8 (A) Cell viability of A549 and (B) NIH3T3 cells estimated by MTT assay after 48 h
treatment with HY, CD-HY, 5-FU@HY, 5-FU@CD-HY and free 5-FU. 0.5, 1 and 2 mg mL*
of 5-FU@CD-HY correspond to 5-FU concentrations of 1.6, 3.2 and 6.4 ug mL™. 5-FU@HY
and free 5-FU had equivalent concentrations of 5-FU. The error bars represent mean + S.E.M.
of three individual experiments. Statistical significance between various groups was denoted by
*(p < 0.05), **(p < 0.005) and ***(p < 0.001). Statistically insignificant data was represented
by ns (non significant).
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Figure 8.9 Bright field microscopic images depicting cell morphology (A549 cells) after 48 h
treatment with (a) control, (b) HY, (c) CD-HY, (d) 5-FU@HY, (e) 5-FU@CD-HY and (f)
5-FU. Scale bar: 400 pm.

Contrastingly, more rounded (non-adherent) and fewer spindle like (adherent) cells existed in
5-FU@HY, 5-FU@CD-HY and free 5-FU treated cells, demonstrating similar cytotoxic
effects. The cell morphological examinations are in accordance with the percentage cell

viabilities estimated through MTT assay.

8.2.4 Cellular uptake

In general, a variety of fluorescent probes have been incorporated inside polymeric
nanocarriers for monitoring their uptake and distribution in cells (Zhu et al., 2013a, Ghosh et
al., 2015 and Matai et al., 2015). In view of this, the synthesized CDs were integrated with
hydrogels (with and without 5-FU) for assessing the cellular uptake. A549 cells were incubated
with different concentrations of CD-HY and 5-FU@CD-HY and their uptake was monitored
qualitatively by fluorescence microscopy (Fig. 8.10). Apparently, the green fluorescence (due
to emission of CDs) and blue fluorescence (due to emission of Hoechst 33342) was observed in
the cells for both hydrogel formulations. Increase in the green fluorescence inside the cells was
seen with an increment in the concentration of CD-HY and 5-FU@CD-HY, illustrating
concentration dependent effects. Usually, living cells are characterized by vacant fluorescence
in the nucleus. Reduction in cell size, shift in fluorescence location from cytoplasm to nucleus

and dense fluorescence of whole cells is symptomatic of apoptosis (Darzynkiewicz et al., 1997
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and Liu et al., 2010). Accordingly, CD-HY treated cells did not reveal any change in the cell
morphology and the fluorescence staining pattern. Green fluorescence emanating from
cytoplasm further justifies their biocompatible nature of CD-HY. Differentially, 5-FU@CD-
HY exhibited toxic effects which induced change in cell morphology and cell death. In these
cells, cytoplasmic constriction led to lesser distribution of green fluorescence in the cytoplasm.
Further, dense fluorescence in nucleus along with the observed co-localization of green and
blue fluorescence (nuclear marker) suggested nuclear internalization (apoptotic cells). Hence,
by tracking the fluorescence of CDs in 5-FU@CD-HY with respect to nucleus, living and
apoptotic cancer cells could be distinguished. Also, the fluorescence of CDs could be used for
quantitative evaluation of cellular uptake through flow cytometry. For this, A549 cells were
separately incubated with CD-HY and 5-FU@CD-HY and percentage of cells expressing green
fluorescence (due to CDs) with reference to control cells were determined by applying
appropriate gating (Fig. 8.11). Treated cells were monitored by green fluorescence in Ch02,
whereas bright field and side scatter images were recorded in ChO1 and Ch06. Both CD-HY
and 5-FU@CD-HY treated cells showed considerable shifts in the fluorescence intensity in
Ch02 compared to untreated cells. For CD-HY, the percentage of fluorescent cells increased
from 52.8 % to 94.1 % while the same increased from 55.2 % to 94.7 % in case of 5-FU@CD-
HY with an increase in their concentration. This explains the equivalent uptake of CD-HY and
5-FU@CD-HY, which is in correlation with the fluorescence microscopic observation. Next,
the localization of 5-FU@CD-HY in A549 cells was ascertained by using fluorescent tracer,
Lysotracker red for fluorescence imaging of lysosomes. Following the uptake of 5-FU@CD-
HY, green fluorescence was evident within the cells which increased in a time-dependent
manner (Fig. 8.12). On closer examination of the fluorescence micrographs, overlapping
positions of bright green and red fluorescence spots were noticeable. The merged fluorescence
microscopic images clearly suggest co-localization of 5-FU@CD-HY and lysosomes in A549

cells. These findings reveal lysosomes as the cellular target of 5-FU@CD-HY.

8.2.5 Cell cycle and apoptosis induction

Apoptosis has been one of the most widely studied mechanisms accounting for the anticancer
action of 5-FU (Yoshikawa et al., 2001, Li et al., 2004, Liu et al., 2012b and Matai et al., 2015).
Flow cytometry is the obvious choice for quantitative analysis of apoptosis. Thus, cell cycle
analysis was pursued by staining the treated and untreated cells with Pl and subsequently

examined by flow cytometer.
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Bright field DAPI GFP Overlay

Figure 8.10 Fluorescence microscopic images of Ab49 cells treated with various
concentrations of CD-HY and 5-FU@CD-HY after 48 h. (A) Cells treated with 0.5 mg mL™ of
CD-HY (a-d) and 5-FU@CD-HY (e-h).(B) Cells treated with 2 mg mL™* of CD-HY (i-I) and
5-FU@CD-HY (m-p). White and yellow arrows represent live and apoptotic cells, respectively.
The overlay images were generated using DAPI (for Hoechst 33342) and GFP (for CDs) filters.

Scale bar: 100 um.
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Figure 8.11 Flow cytometeric analysis for cellular uptake of CD-HY and 5-FU@CD-HY in
Ab549 after 6 h. (a) Real-time images of untreated (upper) and treated (lower) cell acquired
using the various flow cytometeric channels. Flow cytometeric histogram profiles of
(b) untreated cells, (c,e) 0.5 mg mL™ of CD-HY and 5-FU@CD-HY and (d,f) 2 mg mL™ of
CD-HY and 5-FU@CD-HY treated cells.
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Figure 8.12 Co-localization of S5FU@CD-HY (green fluorescence) and lysosomes (red
fluorescence) in A549 cells. The overlay images were generated using RFP (Lysotracker Red)
and GFP (CDs) filters of fluorescence microscope. Scale bar: 100 pum.
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The percentage distribution of cells in different stages of cell cycle for control and treated cells
is presented in Fig. 8.13 (A). CD-HY treatment did not cause any notable change in G0/G1, S
and G2/M phases of cell cycle in comparison to untreated cells. In contrast, exposure of cells to
5-FU@CD-HYand free 5-FU led to an increase in the population of apoptotic cells, as
determined by increased Sub-G1 population accompanied by a corresponding decline in cell
numbers in GO/G1, S and G2/M phases. In the representative set of data, the proportion of
apoptotic cells in 5-FU@CD-HY and free 5-FU treated cells increased to 23.66 % and 39.2 %,
respectively. Nonetheless, cells treated with 5-FU@CD-HY accounted for lower apoptotic
population compared to free 5-FU at similar dosage. This is for the reason that the actual
concentration of released 5-FU from 5-FU@CD-HY was lower than free 5-FU due to sustained
release behaviour of the hydrogels, thus explaining the difference in apoptotic population.
These findings corroborate well with the release studies and cytotoxicity data. Manifestation of
apoptosis in 5-FU@CD-HY treated A549 cells was ratified by FE-SEM morphological
examinations (Fig. 8.13 (B)). Treated cells underwent shape change and drastic shrinkage in
contrast to untreated cells. Contrarily, treated cells had disrupted cellular extensions with less
spreading patterns. Apart from this, shedding of apoptotic bodies from dying cells and
membrane blebbing authenticate the occurrence of apoptosis in treated cells (Darzynkiewicz et
al., 1997). In order to ascertain the apoptotic gene signalling pathway, semi-quantitative
RT-PCR analysis was performed to estimate the gene expression profiles of pro-apoptotic (p53,
bax, bad, c-myc and caspase 3) and anti-apoptotic genes (bcl 2, bcl-xlI) in control and treated
cells (Fig. 8.14 (A)). Accordingly, cells treated with CD-HY, 5-FU@CD-HY and free 5-FU
were analyzed for the expression of apoptosis related gene and fold change in gene expression
was computed (Fig. 8.14 (B)). Negligible difference in the expression of pro-apoptotic and
anti-apoptotic genes in CD-HY treated cells with respect to control. This finding is also
supported by cell viability assay and cell cycle analysis. On the other hand, 5-FU@CD-HY and
free 5-FU treated cells exhibited up-regulation of pro-apoptotic genes with consequent down-
regulation of anti-apoptotic genes. The expression of housekeeping gene B-actin remained
unchanged. Following treatment with 5-FU (5-FU@CD-HY and free 5-FU), p53 expression
levels increased significantly. Pre-existing literature suggests the activation of p53 mediated
pathway leading to apoptosis in cancer cells (Wolter et al., 1997, Yoshikawa et al., 2001 and
Matai et al., 2015). B-cell lymphoma 2 (bcl 2) family exerts pro-apoptotic (bax, bad) or anti-
apoptotic effects (bcl 2, bel-xl) by altering the mitochondrial membrane permeability. Further,
p53 is also known to enhance bax (bcl 2 associated X protein) and bad (bcl 2 associated death

promoter) levels (Chao et al., 1998).
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Figure 8.13 (A) Determination of cell cycle distribution profiles by flow cytometeric analysis
of Pl-stained samples. (a) untreated, (b) CD-HY, (c) 5-FU@CD-HY and free 5-FU (equivalent
concentration) treated cells. Representative FE-SEM micrographs of (B) untreated and (C)
5-FU@CD-HY treated A549 cells after 48 h incubation.
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Figure 8.14 (A) Semi-quantitative RT-PCR analysis of pro-apoptotic and anti-apoptotic
signaling genes in A549 cells. Lanel: untreated cells, Lane 2: CD-HY, Lane 3: 5-FU@CD-HY
and Lane 4: free 5-FU treated cells. (B) Computed fold difference in gene expression in
untreated and treated cells. Statistical significance between untreated and 5-FU@CD-HY
treated A549 cells was designated by *(p < 0.05), **(p < 0.005) and ***(p < 0.001). (C)
Schematic representation of cellular uptake and subsequent activation of apoptotic gene
signalling cascade upon 5-FU@CD-HY treatment.
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Accordingly in our studies, down-regulation of bcl 2 and bcl-xI (basal cell lymphoma-extra
large) along with up-regulation of bax, bad was observed, which marked the onset of apoptosis.
Translocation of bax from mitochondria to cytosol leads to formation of pores in the
mitochondrial membrane, leading to release of cyt ¢ (cytochrome ¢) from mitochondria into the
cytosol (Yang et al., 1997, Kluck et al., 1997 and Gopinath et al., 2010). The released cyt ¢
further activates caspase 3, leading to nuclear genome fragmentation in apoptotic cells. Hence,
enhanced expression of caspase 3 in treated cells transpires DNA damage and formation of
apoptotic bodies, as observed here. Additionally, we observed increased c-myc expression in
5-FU treated cells which caused the down regulation of anti-apoptotic genes bcl 2 and bcl-xl.
Thus, the activation of apoptotic gene signalling cascade is interplay of multiple pathways.
Such events cause mitochondrial dysfunction and DNA damage ultimately leading to apoptotic
mode of cell death in 5-FU@CD-HY treated cells (Fig. 8.14 (C)).

In summary, fluorescent C-dots based chitosan hydrogels loaded with 5-FU were synthesized
to serve as multifunctional platform for cancer theranostic applications. In this way, it was
possible to combine the merits of both CDs and 5-FU on a common platform through
hydrogels. The formation of 5-FU@CD-HY was validated through various microscopic and
optical characterization tools. The interactions between the encapsulated drug and the
hydrogels allowed a sustained release of drug for 48 h along with a slow release of 5-FU under
physiological conditions compared to acidic environment, enabling selectivity in action.
Accordingly, the 5-FU loaded hydrogels were able to significantly inhibit the growth of A549
cells in a dose-dependent manner in contrast to non drug loaded counterparts. By tracking the
green fluorescence of CDs in 5-FU@CD-HY with respect to nucleus, living and apoptotic
cancer cells were distinguished. In case of non drug loaded hydrogels, the green fluorescence
emanated from the cytoplasm of the cells. Differentially, 5-FU@CD-HY exhibited toxic effects
which induced change in cell morphology. In these cells, cytoplasmic constriction led to lesser
distribution of green fluorescence in the cytoplasm and dense fluorescence was seen inside the
nucleus suggested nuclear internalization (apoptotic cells). In addition, the apoptotic effects
induced by 5-FU released from the hydrogels were illustrated in detail. Hence, the
multifunctional aspects of 5-FU@CD-HY in monitoring the cellular uptake (by CDs) and

inflicting apoptosis (by 5-FU) through a cascade of events were successfully demonstrated.
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CONCLUDING REMARKS

In this chapter, concluding remarks and future scope of the

present study has been discussed.



CHAPTER 9

CONCLUDING REMARKS

9.1 Conclusion

In this work, synthesis of C-dots was accomplished through innovative strategies that were
simple and economical. The synthesized C-dots revealed excellent properties which made them
amenable for a wide array of applications. Besides, C-dots were combined with drugs or
nanoparticles to constitute multifunctional nanomaterials which demonstrated efficient
competence for the intended biomedical applications under in vitro conditions. Based on the

experimental findings, significant conclusions can be delineated.

A facile method for synthesizing intrinsically multicolour, fluorescent PEI and PEG passivated
C-dots using chitosan as the starting material has been developed. The surface passivated
C-dots demonstrated preeminent properties of tunable emission behaviour, pH sensitivity, small
hydrodynamic size, abundant hydrophilic groups, together with resistance to photobleaching
and changes in ionic strengths. Even though the carbon source remained the same, fluorescent
properties of CD-PEl were amazingly good compared to CD-PEG in terms of strong
fluorescence intensity, high quantum yield and longer lifetimes. Fluorescence microscopic and
spectroscopic analysis predict CD-PEI as a superior bioimaging agent compared to CD-PEG,
owing to its efficient fluorescent characteristics and tunable emission from blue to red under
cell culture conditions. Interestingly, passivation polymer subjugated the physicochemical and
bioimaging properties of C-dots. It is worthwhile to mention that the concentration of C-dots
used for cell imaging did not pose any cytotoxicity. Regarding the surface of C-dots, selection
of right polymer groups for surface functionalization can enhance the bioimaging efficiency.

Green synthetic approach for synthesizing self-passivated C-dots using coriander
leaves as a herbal carbon source has been demonstrated for the first time, without using any
additional passivating agent for surface modification. The as-synthesized green fluorescent
C-dots had superior optical characteristics and demonstrated excitation, pH along with solvent
dependent emission behaviour. These C-dots had inherent antioxidant potency, apart from
having selective ion detection capability. Quenching of fluorescence of C-dots in the presence
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of Fe** ions provides a platform for their quantitative sensing by monitoring the fluorescence
emission intensity. C-dots were effectively taken up by normal as well as cancer cells and
localized mainly in the cytoplasm without exerting any cytotoxic effects, highlighting their
immense potential as bioimaging probes. Hence, the C-dots derived from coriander leaves

exhibited a myriad of practical applications.

The grafting of CDs on CeO, nanoparticles was achieved through a facile in situ hydrothermal
approach to generate CDs-CeO, NC. Various characterization tools, namely microscopic,
spectroscopic, and XRD techniques, all confirmed the presence of CDs and CeO; phases in the
as-synthesized NC. In addition, dual-modal properties of CDs-CeO, NC were intact and
equally promising compared with their constituent materials as desired for biological
applications. Nonetheless, the treatment of cells with CDs-CeO, NC did not cause any
undesirable effects on cellular viability at any of the tested concentrations. Cellular uptake
studies further revealed that the cells internalized CDs-CeO, NC in a time-dependent manner,
which is imperative for their therapeutic response. Apart from this, the fluorescence of CDs
was sensitive to H,O,, which could be used as a reference signal for evaluating the H,0,
mediated oxidative stress in cells. The study also verified the utility of CDs-CeO, NC for

intracellular ROS scavenging and prevention of H,O, induced oxidative stress.

The designing of CD-Ag@ZnO NC was based on the electrostatic interactions between
oppositely charged CDs and Ag@ZnO. Various characterization techniques (TEM, DLS and
SEM) unanimously indicated that the CDs had successfully decorated the surface of the
Ag@2znO to form a dual-modality hybrid assembly. The study provided sound evidence about
the use of CD-Ag@ZnO NC to induce apoptosis in cancer cells in conjugation with imaging.
These NCs clearly demonstrated antiproliferative effects against both MCF-7 and A549 cancer
cells in a dose-dependent manner. Direct fluorescence monitoring of cellular uptake and the
intracellular localization of NC inside the cancer cells was also studied using the fluorescence
emission of CDs. Qualitative and quantitative analyses predicted marked differences in cellular
uptake between MCF-7 and A549 cells. A preliminary investigation of NC treated cancer cells
revealed characteristic apoptotic features such as changes in the morphology, cell shrinkage
and cytoplasmic constriction. In addition, a dramatic increase in ROS along with an increase in
the ratio of pro-apoptotic to anti-apoptotic expression was observed in cancer cells treated with
CD-Ag@ZnO NC. From these results, it could be inferred that CD-Ag@ZnO NC provoked

ROS-mediated activation of the apoptotic gene signalling cascade. Taken together, the
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implication of these findings seems to be promising for the possible application of fluorescent
C-dots for theranostic purposes.

In situ gelling CDs integrated chitosan hydrogels were prepared via ionic cross-linking method
and further loaded with 5-FU to mediate anticancer effects. Moreover, these hydrogels
demonstrated excellent functional features in terms of high surface area, good mechanical
strength, swelling behaviour together with pH dependent drug release. Cytotoxicity studies
explained that the concentration dependent anti-proliferative effects of 5-FU@CD-HY on A549
cells, solely due to the released 5-FU. Fluorescence of CDs in 5-FU@CD-HY was used to
monitor the intracellular distribution as well as for flow cytometeric analysis. Apart from this,
the fluorescence labelling pattern of CDs could clearly distinguish between live and apoptotic
cells under fluorescence microscope, transcending the use of conventional dyes. Substantial
increase in Sub-G1 phase with a concomitant reduction in S phase provided striking evidence
about the apoptotic mode of cell death. Therefore, cell cycle investigations implicated DNA
damage by 5-FU. In addition, morphological hallmarks of apoptotic cells such as surface
blebbing and cytoplasm constriction were evident in FE-SEM imaging. An increase in the ratio
of pro-apoptotic to anti-apoptotic gene expression upon 5-FU@CD-HY treatment suggested the
triggering of apoptotic signalling pathway involving mitochondria. Hence, the study testifies
the ability of 5-FU@CD-HY for simultaneous induction and imaging of apoptosis in cancer
cells. Taken together, the above findings signify the application of hydrogels for combining
therapeutic and bioimaging modalities on a single platform, making them prospective
candidates for cancer theranostics.

9.2 Future scope of work

Considering the bright future of C-dots for various biomedical and analytical applications,
suitable strategies can be evolved for improving their functional characteristics. Some of the
thrust areas that can be explored have been enlisted below:

» New methods can be devised for producing C-dots in higher yields with higher quantum
yields so as to pursue their in vivo studies. Doping with heteroatoms can enhance the
fluorescence quantum yield of C-dots considerably.

» Fine-tuning the fluorescence emission of C-dots with excitation in red/near-IR spectral
region to reduce the background fluorescence and enhance tissue penetration to make
them more efficient for in vivo imaging.

> C-dots synthesized from coriander leaves can be evaluated for Fe** sensing ability in

biological systems and river water samples.
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>

Surface functionalization of C-dots with specific molecular recognition elements can
aid biosensing applications.

Efficiency of C-dots-cerium oxide NCs in monitoring the intracellular distribution and
ROS scavenging potential can be examined in vivo, where the environment is more
complex.

Nanocomplexes of C-dots with drugs or metal nanoparticles can be further
functionalized with tumor recognition moieties to specifically target cancer cells to
achieve enhanced therapeutic outcomes.

C-dots-based hydrogels can be used as a nanocarrier for anticancer gene delivery with
the ability to concurrently monitor the extent of transfection.
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