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ABSTRACT

The investigations embodied in the thesis entitled “MULTIFACETED
CARBON DOTS: THE NEXT GENERATION NANO- PLATFORM
FOR OPTICAL AND BIOMEDICAL APPLICATIONS” were initiated
in October 2016 in the Department of Biosciences & Bio-Medical

Engineering, Indian Institute of Technology Indore.

This thesis aims to design and construct multifunctional carbon dots for
biomedical and bio-sensing applications. The focal points of the thesis are as
follows-

1. Sustainable carbon dots from green and chemical sources for
explosive detection, chemical sensing, and pharmaceutical sense.

2. Modulation of fluorescence performance of carbon dots through
functional group tuning for bioimaging and intracellular sensing.

3. Surface engineering of carbon dots for their diversified applications
in environment safety, anticancer agent, photosensitizer, and
microbial disinfection.

4. To develop carbon dots as efficient carriers for drug delivery in

biological systems.

This thesis comprises six chapters. It begins with a general introduction to
the topic and literature review (Chapter 1), followed by the use of green
carbon dots for photo-triggered theranostics, selective and sensitive sensing
of extracellular and intracellular iron (I11), and multicolor live-cell imaging
(Chapter 2), synthesis of photoactivatable carbon dots for picric acid
detection and light-induced bacterial inactivation (Chapter 3), Synthesis of
Fe-N@Carbon dots and FesOs-Carbon dot hybrid nanoparticles for
doxycycline detection and degradation (Chapter 4) and to construct a

sustainable fluorescent system for the delivery of 5-fluorouracil in vitro,
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Co?* ion detection, and cell imaging (Chapter 5). The thesis outlines the

future perspective in (Chapter 6).

This thesis's introductory chapter (Chapter 1) illustrates the brief
background and literature review of carbon dots synthesis and their surface
modulation via doping. Furthermore, the bio-medical applications of carbon
dots, including antibacterial activity, optical bio-sensing, bioimaging, and
photodynamic therapy, are elaborated sufficiently in detail.

Fluorescent C-dots have drawn increasing attention due to their superior
properties, such as high aqueous solubility, optical absorptivity, favorable
biocompatibility, and appreciable photoluminescence. Nature offers various
precursors for synthesizing green C-dots like fruits, vegetables, flowers,
animal derivatives, etc. Chapter 2 described the synthesis of nitrogen-doped
C-dots (N@VRCD) by an economical, one-step hydrothermal method using
“Vigna radiata” sprouts as the sole carbon precursor and ethylenediamine as
the sole carbon precursor of the nitrogen source, which was optimized for
enhanced optical properties. The N@VRCD shows the highest known
quantum yield (~58%) using green precursor for synthesis. Importantly,
N@VRCD also exhibits significant light-induced phototoxicity to cancerous
cells, enabling the possibility of using it as a potential theranostics agent.
Further, the N@VRCD displays highly sensitive and selective sensing
behavior towards Fe®" ions by fluorescence “turn-off” with a detection limit
as low as 140 nM. Moreover, N@VRCD shows biocompatible and
hemocompatible nature with the potential for multicolor live-cell imaging
and intracellular Fe** detection, validated by confocal microscopy and flow

cytometry.
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Scheme 1. Representation of green CDs for optical sensing, multicolor

bioimaging, and its use as a photosensitizer for PDT

The zero-dimensional carbon nanostructure known as carbon dots showed
attractive attributes such as multicolor emission, very high quantum yield,
up-conversion, excellent aqueous solubility, eco-friendliness, and excellent
biocompatibility. These outstanding features of the carbon dots have raised
significant interest among the research community worldwide. Chapter 3
highlights the synthesis of a metal-doped carbon dot to combat the
challenges of faster and easy detection of picric acid and microbial
disinfection. Water-soluble nitrogen, silver, and gold co-doped bimetallic
carbon dots (BCDs) were prepared using the one-pot hydrothermal method
with citric acid as a sole carbon source. BCDs showed size in the 4-8 nm
range and excitation-independent emission behavior, with maximum
emission observed at 427 nm. Additionally, these BCDs showed a very high
quantum vyield value of 50% and a fluorescence lifetime value of 10.1 ns.
Interestingly, prepared BCDs selectively sense picric acid (PA) by

exhibiting “selective fluorescence turn-off” behavior in the presence of PA
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with a limit of detection value (LOD) of 46 nM. Further, prepared BCDs
were explored for photodynamic therapy to inactivate bacterial growth in the
presence of light (400-700 nm) by generating singlet oxygen. Thus, prepared
BCDs offer many potentials to use a nanoprobe to detect picric acid in an

aqueous medium and design next-generation antibacterial materials.
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Scheme 2. Fluorescent system for detecting picric acid in an aqueous

medium and its ROS mediated antibacterial activity.

The overuse of antibiotics in recent years presents a huge challenge to
society for their removal from the environment. The prolonged presence of
antibiotics as environmental pollutants results in the emergence of drug-
resistant bacteria faster than new antibiotics to treat diseases they cause.
Therefore, a rapid, sensitive, and cost-effective method is urgently required
to detect and degrade. Given this, Chapter 4 demonstrates a novel strategy
for synthesizing Fe-doped carbon dots (Fe-N@CDs) and iron oxide-carbon
dot hybrid nanoparticles (FesOs4-CDs) in a single step for doxycycline
detection and its degradation. For the very first time, the formation of two
simultaneous products, i.e., Fe-N@CDs (0 D fluorescent carbon dots) and
Fes04-CDs (magnetic nanoparticles) in a single step hydrothermal

carbonization process by using sole iron salt (FeCl;) and carbon precursor
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(citric acid) in the presence of ethylenediamine is reported. As prepared, Fe-
N@CDs selectively detect doxycycline with a limit of the detection value of
66 ng mL™* and in the linear range from 0 mg mL™ to 50 mg mL™, whereas
other formed products, i.e., FesO4-CDs degrades doxycycline by 70.26 % in
just 5 min by applying sheer force using simply a kitchen blender. The
results demonstrated the suitability and application scope in food and

environment safety.
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Scheme 3. Fe-doped carbon dots (Fe-N@CDs) and iron oxide-carbon dot
hybrid nanoparticles (FesOs-CDs) for doxycycline detection and
degradation.

In nanomedicine, the synthesis of intelligent hybrid material to assimilate
diagnosis and treatment is crucial. Chapter 5 presents a simple and facile
method to synthesize multitalented blue emissive carbon dots using trimesic
acid and polyethylene glycol as carbon precursors and ethylenediamine for
nitrogen doping. The as-prepared carbon dots show various fascinating
properties. The synthesized carbon dots are used as a selective drug carrier
for 5FU to form 5SFU-N@PEGCDs, showing enhanced release at acidic pH.

The mode of action of nanoconjugate has also been explored by performing

XVI



wound healing assay, DCFDA assay for ROS generation, and Hoechst
staining. The drug conjugated with carbon dots showed less toxicity to
normal cells compared to cancer cells making it a perfect candidate to be
studied for designing a next-generation drug delivery carrier. The
synthesized N@PEGCDs were further employed for assaying cobalt with
LOD as low as 6 nM. Moreover, the biocompatible nature of N@PEGCDs

makes it a more sensitive imaging probe than dyes.
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Scheme 4. Biocompatible CDs for sensing, bioimaging, and drug delivery.

Chapter 6 outlines the future perspective of this work.
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CHAPTER 1

Introduction

The knowledge of the omnipresence of naturally existing nanoparticles for
billions of years and their use in various ways by humans for thousands of
years has made the field of nanotechnology exciting [1]. A legendary
physicist Richard Feynman predicted the future of nanotechnology in his
talk “There is plenty of room at the bottom” in 1959. He indicated what
needed to be done and how it might be done before anyone would have
seen an atom with a microscope. His talk became a roadmap for
nanotechnology. He looked into the future and predicted how technology
might make things smaller, even the size of an atom.

The European Commission defines a ‘nanomaterial’ as any indigenous or
engineered material that exhibits one or more external dimensions in the
size range of 1 nanometer (nm) to 100 nm. The precisely controlled sizes,
shapes, and compositions of these engineered nanoscale architectures
result in differences in properties compared to their bulk correlative.

There has been a massive swirling of research techniques to build
application-oriented nanomaterials for over a decade to improve the
quality of life and change the way we live. The exciting properties of c-
dots such as strong absorption, excellent photoluminescence, superior light
stability, resistance to photobleaching, low toxicity, environment-
friendliness, enhanced biocompatibility, easy preparation, intriguing
physio-chemical properties have brought them to the forefront of various
applications ranging from supercapacitors, optoelectronics, sensors,
catalysis, agriculture, aerospace, environment and even in the bio-medical
field. The biomedical application of c-dots is extended to antibacterial,
anticancer, photothermal therapy (PDT), targeted drug delivery, cellular

imaging, diagnosis, bio-sensing, and intracellular monitoring.



1.1. Carbon dots

The small-sized carbon nanoparticles (c-dots) have emerged as glowing
members of the carbon family with sizes less than 10 nm. These have
excellent optical features such as elevated quantum vyield, wavelength
modulated emission, and capability to up-convert. Their ability to exhibit
fluorescence has assisted them in becoming the swiftly growing and
favorite material in the carbon family lately. After the accidental discovery
of these fluorescent carbon nanoparticles by Xu et al. [2] in 2004, Sun et
al. [3] synthesized and named them c-dots or carbon quantum dots
(CQDs) in 2006.

The optical properties of c-dots differ remarkably based on starting
material used for their synthesis. The precursor could vary from chemical
molecules to natural organic carbon sources [4]. The optical properties of
these nano lights could be tuned easily via surface passivation. Various
elements have been used as dopants like nitrogen, phosphorus, sulfur,

magnesium, and even metals like Zn, Au, Ag, and Fe.
1.2. Synthesis of carbon-dots

The dependence of various properties of c-dots on their synthesis method
leads to the utilization of many new synthesis strategies. Laser ablation,
arc-discharge, ultrasonication, chemical and electrochemical oxidation,
etc., are used as a top-down method of c-dots synthesis. Whereas plasma
treatment, hydrothermal carbonization, microwave pyrolysis, thermal
decomposition, and template-based synthesis form another group as
bottom-up synthesis strategies. A summarized representation of the

synthetic approach is shown in Figure 1.1.
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Figure 1.1. Schematic representation of top-down and bottom-up methods

of carbon dot preparation. [5]

A variety of precursors were investigated for the synthesis of c-dots. A
significant number of chemical and green precursors are utilized for c-dots
synthesis. Interestingly, the precursor, dopant, temperature, and synthesis
method substantially influence the characteristics of c-dots.

The synthesis modes are categorized as chemical or green methods
depending on the type of carbon precursor used.

1.2.1. Chemical Synthesis

Citric acid, urea, thiourea, benzene, ammonium citrate, ethylene glycol,
phenylenediamine, phytic acid, EDTA, etc., are shared among the various
chemical precursors used to synthesize c-dots so far. C-dots with QY of
~30% were prepared by Zhai et al. [6] utilizing citric acid through the
microwave pyrolysis method. The carboxylic group assists in the
dehydration and carbonization of the precursor citric acid. The c-dots are
surface passivated using amines. In another study by Yang et al. [7],
ammonium citrate was utilized for carbon-rich dots synthesis by following
hydrothermal carbonization at 160 °C. The product formed is purified via
a silica gel column where methanol and di-chloromethane are used as
eluent, and the QY of the purified product was 13.5%.



EDTA was carbonized by Zhou et al. [8] at 400 °C. The QY of so-formed
c-dots was 11%. The c-dots prepared by Wang et al. [9] using phytic acid
as a carbon source were surface passivated through microwave treatment
at 700 W, found to be rich in phosphorous; the purified c-dots extract
using organic solvents like methanol, tetrahydrofuran, ethanol, and
acetonitrile showed QY in the range of 11.1% to 19.5%.
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Figure 1.2. Schematic synthesis of c-dots. The microwave pyrolysis of
citric acid and urea results in c-dot synthesis. The dialysis helps in cutting
off different molecular weight fragments. A closed and an open vessel
condition results in a blue carbon dot (bCD) and a green carbon dot
(9CD). [10]

1.2.2. Green Synthesis

The easy availability of carbon-rich sources naturally leads researchers to
use them as a precursor for synthesizing c-dots. It doesn’t take much time
to use green sources profusely to synthesize green c-dots [4]. Coffee
grounds and grass [11, 12] were the first sources to synthesize green c-
dots.

The self-passivation is an attractive advantage of green c-dots over others,
leading to the formation of auto-doped c-dots. Self-passivated c-dots rich
in nitrogen with QY 6-8% were synthesized by Wang et al. [13] through a
one-step hydrothermal synthesis strategy using chicken egg as a carbon

source. The hydrophilic nitrogen-doped c-dots with a good quantum yield



of 23% had been synthesized by Atchudan et al. [14], and Arul et al. had
made exciting use of Actinidia deliciosa for the synthesis of c-dots with

good biocompatibility and low cytotoxicity [15] shown in Figure 1.3.
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Figure 1.3. (a) Hydrothermal preparation of c-dots using Actinidia
deliciosa. [15] (b) Preparation of hydrophilic nitrogen-doped c-dots from

biowaste using dwarf banana peel. [14]

Various other consumable sources such as orange, papaya, grapes, mango,
apple, strawberry, lychee, watermelon, sugarcane, banana, yam, carrot,
potato, onion, kitchen waste, coffee, beer, milk, tea, etc. [16-35] were
investigated for c-dots synthesis. Other non-consumable resources,
including human hair and urine, feathers, Bombyx mori silk, silkworm
chrysalis, pigskin, crab shell, etc. [36-42], were also used as carbon
precursors to synthesize green c-dots. The massive increase in the use of
the green source for the synthesis of c-dots has started a new era of c-dots,
and so far, a variety of green sources have been explored, as shown in

Figure 1.4.
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Figure 1.4. Illustration of some green sources used to develop green c-
dots. [43]

1.3. Properties of Carbon-dots

The source of carbon used for c-dots synthesis greatly influences its
properties because of the ingrained amalgamation of carbon, functional
groups, and hetero-atom dopants [44]. “Carbonization or pyrolysis” of
carbon precursor is a regularly used method for c-dots synthesis.
Condensation, polymerization, carbonization, and passivation are the steps
involved in the synthesis process of c-dots [45]. The structural and optical

properties of the c-dots so formed are discussed in the following section.

1.3.1. Structural properties

Powder x-ray diffraction (PXRD) and high-resolution transmission
electron microscopy (HR-TEM) are two top techniques used to
characterize c-dots. These two techniques mainly revealed the amorphous
or occasionally crystalline structure of c-dots, with an average size of
around 10 nm. The usual amorphous nature of c-dots was confirmed by a
broad hump in 20 = 20°-25° arises in PXRD [39]. The most common
morphology displayed in electron microscopy is spherical. However,

sometimes lattice fringes were visualized at very high magnification in a
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few c-dots. A very small-sized 2-9 nm c-dots were obtained using
cellulose waste paper by Jeong et al. [46]. The “d” value of 0.24 nm
obtained using lattice fringes corresponds to the (100) graphitic plane. The
high crystallinity was confirmed via a ring-selected area electron
diffraction pattern (SAED). The two broader peaks of Raman spectra of c-
dots, one at “1300 cm™” due to deformed “D” band appeared because of a
structural defect or doping agent and the other at “1580 cm™” consisting of
“G” band which became apparent due to ordered sp2 hybridized carbon
atoms, were obtained most commonly [47]. Structurally the c-dots
primarily consist of C, H, and O elements N, S, P, etc. are the most
common dopants used so far. X-ray photoelectron spectroscopy (XRD)
and Fourier transform infrared (FTIR) spectroscopy are specialized
techniques for surface functionality studies of c-dots which assist in
calculating the elemental percentage and determining various surface

functional groups present [4].

1.3.2. Optical Properties

The c-dots are known to show exciting optical behavior leading to greater
interest in them. n-t*and m-n* is the most common transition shown by
the absorption spectra of c-dots, sp? hybridized carbon core, and the
functional groups with lone pairs [48]. The absorption peak of UV-vis
spectra at the lower wavelength (230-280 nm) is assigned to the m-m*
transition (C=C) bond; however, the peak at a higher wavelength (300-320
nm) appears due n-z* transition (C=0) bond [49, 50]. Another exciting
property of c-dots arises due to several mechanisms like the degree of
surface oxidation [51, 52], quantum confinement [53, 54], and molecular

fluorescence [55].
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Figure 1.5. The optical transitions in c-dots. (a) Fluorescence origination
from the degree of surface oxidation (b) Structure and electronic transition

diagram of c-dots. [45]

As the surface oxidation increases, the emission spectra also span over a
broad range [56], the reason for which could be reduced bandgap on the
surface of c-dots results in a redshift, as shown in Figure 1.5. Similar
multi-color fluorescent emitting tunable c-dots, which were nitrogen-
doped, were reported by Zhang et al. [57]. The detailed studies revealed
the mechanism behind this phenomenon is the formation of new energy
levels due to doping. Kim et al. [53] prepared c-dots of various sizes (5-35
nm) comprising different morphologies manifesting size-dependent
absorption and fluorescence spectra. The study reveals that the emission

spectra showed a redshift as the size increased. Concurrently, few studies



provide evidence to support the synergistic effect of quantum confinement
and the surface state towards fluorescence of c-dots.

The multiphoton activation process leads to fluorescence up-conversion of
c-dots in which the absorption of two or more photons leads to emission at
a shorter wavelength. This captivating feature of c-dots makes them a
promising and forthcoming candidate in sensing and biomedical

applications, especially in biomedical imaging and biosensing [48].

1.4. Application of carbon dots in optical sensing

A large number of c-dots-based sensors have been reported for sensing
various analytes. Detecting hazardous materials, molecules of biological
importance, toxic wastes, pharmaceuticals, etc., is of utmost importance.
Many poisonous or dangerous compounds like dyes, nitro explosives, and
organic molecules have been used extensively in our day-to-day lives in
many ways and products, namely textile, food, cosmetics, plastic, security,
and agriculture. Recently, c-dots have been a milestone in optical sensing
due to their exceptional physical and chemical properties. Their favorable
optical properties have made these c-dots as preferred sensing agent for
various analytes. The facile synthesis, excellent quantum yield, small size
but a large surface area, enhanced biocompatibility, water-solubility,
resistance to photobleaching, and surface passivation are few of the
qualities which make c-dots a unique candidate to be used in sensors. The
wide application of c-dots based sensors in the real world is due to their
water-soluble nature, which helps them get utilized for sensing in an
aqueous system. The selectivity, specificity, sensitivity, and recovery in

real water samples are up to par.

The large number of functional groups present on the surface of c-dots
react selectively and specifically with different analytes, resulting in a
change in their optical properties as either turn-on (fluorescence
enhancement) or turn-off (fluorescence quenching). The phenomenon



behind this change in optical behavior could be electron transfer (ET),
Forster resonance energy transfer (FRET), inner filter effect (IFE),
aggregation-induced emission (AIE), aggregation-induced quenching
(AIQ), static or dynamic quenching, charge transfer, bonding, etc.

The c-dots have been used extensively for sensing various analytes such as
anions, cations, biomolecules (different metabolites, enzymes, amino
acids, glucose, cholesterol, nucleic acids, vitamins, etc.), drugs, pesticides,
nitroaromatic explosives, pollutants, and a variety of other small
molecules (Figure 1.6) [45]. The c-dots were also utilized for sensing
microorganisms, including bacteria, fungi, and protozoans, along with
selectively targeting the ability toward cancerous cells, which could be

attained via surface functionalization [58].
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Figure 1.6. Use of c-dots as a ratiometric fluorescent sensor in food
safety. [59]
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C-dots' small size and exciting optical properties made their use obvious
for biomedical applications and theranostics. The fluorescent c-dots with
ingrained therapeutic proficiency are complete packages used in

therapeutic and diagnostic nanomedicines.

|

Figure 1.7. Biomedical applications of c-dots. [60]

1.5.1. Antibacterial activity of carbon dots.

Among the various biological applications of c-dots, their role as an
antibacterial agent has gained much interest in the last decade. There are
many reports where c-dots act as an antibacterial agent. The surface

11



functionalization of such c-dots is always helpful in enhancing their
antibacterial activity to a great extent in one way or another. The increased
drug resistance among pathogenic bacteria is a concern [61]. Many
conventional antibiotics are already proved non-responsive to various
bacterial species [62]. Increased drug resistance almost in all bacterial
strains leads to a significant burden on the healthcare system. Therefore,
developing alternative measures against pathogens is the need of the hour.
A large number of materials have been studied for their antibacterial
activities. Among them, c-dots have emerged as a very effective and
efficient antibacterial agent due to their biocompatible nature,
photoinduced redox properties, low-cost facile synthesis, easy surface
passivation, fluorescence behavior, and stability. Predominantly, c-dots act

against bacterial cells via photo-induced toxicity [63].

The use of visible light for photodynamic therapy against bacteria is
explored for the first time by Meziani et al. [64]. The c-dots prepared by
them are surface-functionalized using 2,2'-(ethylenedioxy)bis(ethylamine)
(EDA). They have estimated the antibacterial action of EDA
functionalized c-dots against gram-negative E. coli both in liquid media
and on agar. The 30 min exposure to visible light decreases the viability of
bacteria by four folds compared to control. However, when the same
experiment was performed in the dark condition, the viability decreased
by one-fold only. A similar effect of visible irradiation was also seen on
cell viability by the presence of very few bacterial colonies on agar. The
photodynamic nature of c-dots was proposed to be responsible for their

action against bacteria reported earlier for cancer cell killing.

In another study by Yang et al. [65], carboxyl-amine functionalized c-
dots were prepared and explored for antibacterial activities. These c-dots
could also discriminate between gram-positive and gram-negative
bacteria. The antibacterial action of c-dots was investigated against gram-

positive and gram-negative bacteria. The MIC values were 8 pg mL™, 6

12



nug mL™?, and 12 pg mL? against S. aureus, M. luteus, and B. subtilis (all
gram-positive), respectively. These highly biocompatible c-dots were also
checked for their antibacterial activity in-vivo and displayed similar results
as in-vitro studies. However, the gram-negative bacteria remain unaffected
at lower treatment concentrations. The disruption of the cell membrane

was the main reason behind the toxicity of c-dots towards bacterial cells.

Li et al. [66], Nie et al. [67], Travlou et al. [68], and Wang et al. [69]
have also found similar results where c-dots can act as photosensitizers
and are crucial in bacterial killing via ROS generation. The surface
coatings have also been made using such material in healthcare systems
and in our daily lives. The biocompatible nature of c-dots is beneficial in
making them a material of choice in biological systems in-vivo and in-
vitro. A Dbetter understanding of the underlying mechanism and
synthesizing c-dots with even better properties could be beneficial in
replacing the traditional antibiotics. The problem of antibiotic resistance in

microbes could also be solved effectively with great ease using c-dots.

The common mechanism of action is ROS generation. The oxidative stress
caused by c-dots could be light-dependent or light-independent. The ROS
production is enhanced when c-dots are functionalized using electron-
donating groups like —~NH>. The reduction in the HOMO-LUMO gap is the
reason behind it [70]. C-dots as photosensitizers are gaining popularity
due to their effectiveness. After photoexcitation, the ground state is
achieved via nonradiative photoactive decay, producing a photothermal
effect and ROS, which results in more killing. The ROS generation also
causes permanent membrane damage, dis-functioning various cellular
organelles like mitochondria and endoplasmic reticulum, and irreversible
damage to genetic material [71]. The lipid extraction and inhibition of
primary metabolism are also plausible mechanisms for the antibacterial
action of carbon nanomaterials [72]. Figure 1.7 represents the proposed

mechanisms for c-dots induced antibacterial activity.
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Figure 1.8. Mechanisms for antibacterial activity of c-dots. [62]
1.5.2. Bioimaging

The excellent characteristics of c-dots as high photostability, resistance to
photobleaching, aqueous solubility, elevated QY, non-cytotoxic nature,
stable fluorescent behavior under various physiological or biological
conditions, easy cellular uptake, and enhanced biocompatibility provide an
advantage to c-dots over traditional dyes or molecules used in bioimaging.
These favorable properties of c-dots attract the researcher’s attention to
exploring their use in bioimaging. The c-dots have been used substantially
for bioimaging for the last fifteen years. The bioimaging studies
performed so far have led to the division of this field into two different
groups in vivo and in vitro bioimaging. In-vitro bioimaging covers using

c-dots for fluorescent staining of different types of cells and cellular

14



organelles. In contrast, the in vitro bioimaging pivoted the uptake and

dissemination of c-dots in mice and zebrafish and their use in therapeutics.
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Figure 1.9. Multicolor imaging of A549 (A) HelLa cells (B) Microtubule
imaging (C) Mitochondria targeting ability of c-dots (D). [82]

Cao et al. first explored the use of c-dots in the field of bioimaging in 2007
using breast cancer cell line MCF7 [73]. This work opened the ground for
using c-dots for live-cell imaging, and many researchers have reported
bioimaging of various cells since then [11, 41, 74, 75]. The c-dots show
potential for cellular visualization using fluorescent microscopy. The
staining of cells using c-dots is generally nonspecific, i.e., spread
throughout the cytoplasm [54, 76, 77]. Still, certain reports show the
specific targeting of cellular organelles using c-dots [78-81]. The
excitation-dependent emission behavior of c-dots was utilized for
multicolor imaging of various cells (Figure 1.9). Huang et al. in 2013

carried out multi-color imaging in A549 cells. In contrast, Chen et al.
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prepared a nanoconjugate of c-dots with a-tubulin specific antibodies for
fluorescent targeting of microtubules of A549 cells. Jung et al. in 2015
synthesized zwitterionic c-dots for nucleus targeting, and mitochondria
targeting was achieved by mitochondria-targeting nanoplatform using c-

dots.
1.5.3. Photo-Dynamic therapy

Due to the plenty of side effects of conventional cancer treatment
therapies, there is a massive demand for new strategies with better
therapeutic efficiency and lesser adverse effects. The captivating physical,
chemical, and biological features of c-dots have attracted the attention of
researchers to explore their anti-cancerous activity. It was not until later in
the last decade that c-dots' reactive oxygen species generation activity was

investigated.
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Figure 1.10. Various ways of Killing tumor cells via PDT. [84]
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The c-dots could be used as photosensitizers to generate free radicals in
visible or near-infrared light [83]. Photodynamic therapy (PDT) is a new
therapeutic strategy that utilizes light sources to treat diseases like cancer.
The defined mechanism behind PDT has not yet been clarified. But
broadly, after treating tumor cells with photosensitizer and light
irradiation, the tumor cells would die either by autophagy, apoptosis, cell
cycle arrest, or all three can happen at once [84], as shown in Figure 1.10.
The red emissive c-dots were prepared by Zhao et al. using the simple
hydrothermal method, which could effectively kill lung cancer cells and
tumors in mice by generating ROS on light irradiation [85]. Wang et al.
suggested the successful inhibition of 3D multicellular spheroids growth
by using copper dopped c-dots as photosensitizer [86]. The singlet oxygen
quantum yield was calculated to be 36% when an LED lamp (400-700nm)
was used for irradiation. The use of carbon dot as an in-vivo PDT agent
was also checked by Jia et al. by injecting carbon dot nanospheres into
tumor-bearing mice [87]. The porphyrin-based c-dots were established by
li et al. to treat hepatoma with the help of light irradiation [88], as shown
in Figure 1.11.a. Interestingly, Xu et al. had synthesized Se/N-doped c-
dots explicitly used to penetrate and produce ROS inside the nucleus of
the cancer cells, thus enhancing cell death significantly [89]
(Figure.1.11.b).

Figure 1.11. Use of c-dots as a photosensitizer in PDT. [88,89]
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1.5.4. Carbon dots for drug delivery

Delivering the drug to the target site is the key to enhancing the
treatment’s effectiveness. Due to intrinsic fluorescence properties, high
biocompatibility, and accessible surface modification, c-dots emerge as a
perfect candidate for a cargo carrier. The delivery could easily be tracked
due to the fluorescent nature of c-dots. To check the ability of c-dots as a
nanocarrier, Tang et al. developed folic acid-modified c-dots loaded with
Doxorubicin (CD-FA-DOX) to deliver it at the site of interest [90]. The
quenched fluorescence of c-dots in CD-FA-DOX conjugate due to FRET
was regained when DOX detached from the carbon dot surface (Figure
1.12). The FA functionalization led to targeted delivery, followed by a
more significant apoptosis percentage.
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Figure 1.12. Doxorubicin delivery using folic acid functionalized c-dots.
[90]
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The mesoporous silica nanoparticles—c-dots (MSNs—CDs) nanohybrid was
prepared in situ by Zhao et al. [91] for the successful delivery of DOX to
folic acid overexpressing cancer cells (Figure 1.13). This nanocarrier can
be tracked and showed reduced toxicity toward normal cells. There are
various reports of using carbon dot as a cargo carrier for different drugs,
biomolecules, genes, photosensitizers, etc., for stimuli-responsive release
at the targeted site [92-95]. The astonishing results of c-dots in drug
delivery encourage their use in cancer treatment for better therapeutic
efficacy.
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Figure 1.13. Targeted delivery of doxorubicin using c-dots nanohybrid

with silica nanoparticles. [91]

There are many other reports in which c-dots' diagnostic and therapeutic
ability have been explored. Indeed, it opens up new horizons of

nanomedicine.
1.6. Scope of Present Work

The synthesis strategies, properties, and applications of c-dots discussed in
previous sections highlight the importance of c-dots in optical and
biomedical applications, including fluorescence sensing of various
analytes, biosensing, cellular imaging, antibacterial potential, and
photodynamic therapy to combat multiple diseases and drug delivery. The
present thesis work highlights the development of c-dots using green and
chemical precursors tuned for enhancement in optical properties,
particularly by doping. The motivation is to use these c-dots for optical
sensing, intracellular sensing, and live-cell imaging, along with their use
in different biomedical applications.
The focal points of the thesis work are as follows-

1. Sustainable synthesis of c-dots from green and chemical sources

for explosive detection, chemical sensing, and bioimaging.
2. Modulation of fluorescence performance of c-dots through

functional group tuning.
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C-dots’ surface engineering for their diversified applications in
environment safety, anticancer agent, photosensitizer, and
microbial disinfection.

C-dots as carriers for the development of drug delivery systems.
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CHAPTER 2
“Vigna radiata” based green C-dots: photo-triggered

theranostics, a highly selective and sensitive
fluorescent sensor for extracellular and intracellular

iron (111) and multicolor live-cell imaging probe

2.1. Introduction

Plants and their natural products have been used profusely for ages. The
use of green sources for the synthesis of C-dots is gaining attention due to
its easy availability and increased environmental concerns. Moreover, the
green synthesis of nanoparticles is cheap as well as efficient. Being a fresh
member of the nanomaterial family, fluorescent C-dots have drawn much
attention because it accentuates excitation-dependent multi-color
emission, substantial biocompatibility, hemocompatibility, stable
photoluminescence, resistance to photo-bleaching, and environmental
friendliness [1-7]. However, maximum times C-dots synthesized from
green source come up with low quantum yield (QY) [8-15]. Various green
sources were explored to synthesize carbon dots like coffee beans, grass,
orange juice, peanut shells, cabbage, and banana juice having QY 3.8%,
6.2%, and 26%. 9.91%, 16.5% and 8.95% respectively [9,13,16-19]
(Table 2.2). Apart from using various edible sources, biomasses like
lignin were used as the carbon source for synthesizing carbon dots [20,21].
High quantum yield is desirable for any fluorescent material to be used as
an imaging agent [22]. Hence, there is a huge requirement to develop low-
cost, green, high-yielding methods and good sources for preparing C-dots.
The C-dots have a huge impact on advancement in the field of intracellular
imaging, such as in human cell lines, fungal cells, etc. [23-25] The
nitrogen doping leads to the enhancement of QY due to similar atomic size

and the presence of five free valence electrons to be introduced in carbon
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[26-28]. Therefore, nitrogen is the commonly used doping element for QY
enhancement [29-32].

An efficient approach to treating cancer is today’s world’s demand [33].
Photodynamic therapy (PDT) is an upcoming therapeutic modality used
for cancer treatment [34]. It is a fruitful and distinct method of Killing
malignant cells in a more manageable way [35-38]. Due to its minimal
invasiveness, it is gaining interest widely [39]. There is an enormous
demand for light-activated therapeutic agents for PDT. The primary cause
associated with the effectiveness of PDT was the generation of reactive
oxygen species (ROS) [40]. When C-dots are irradiated, it leads to
electron transfer to HO, generating free radicals, thus killing nearby cells
[41,42]. Semiconductor quantum dots were used in PDT, but their
cytotoxic nature due to heavy metal ions limiting their use in biological
systems. The other limitations of PDT agents are hydrophobicity, low
ROS generation, and photobleaching.[43] Further, people have used C-
dots surface passivated with the photosensitizer (PS) in PDT. The high 102
quantum yield of a material is another favorable factor for using it as a PS
agent [40,44]. So, there is an urgent need to develop a PDT agent showing
good biocompatibility photostability with adequate ROS generation.
Besides using C-dots as bioimaging agents and photosensitizers, the other
captivating application is metal ion sensing.[45] Transition metals like
Fe3* play an essential role in the chemistry of living organisms. An ample
amount of iron is present in biological systems, which play a crucial role
in many metabolic activities inside the body, like oxygen transportation
gaseous exchange. It is part of many enzymatic reactions [46]. It is the
central component of hemoglobin and an integral part of many proteins.
Many diseases like anemia, sickle cell anemia and iron overload,
hemochromasia, Alzheimer’s, etc., happen due to decreased or elevated
levels of Fe3* respectively. Because of the hydrophobic nature of many
available Fe3* sensors, they are non-soluble in water, hindering their use in

biological systems [47].
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In this work, the nitrogen-doped C-dots (N@VRCD) were synthesized
using a one-pot hydrothermal method using a sustainable resource, i.e.,
“Vigna radiata” sprouts that serve as an abundant source of carbon for the
preparation of N@VRCD and ethylenediamine as the nitrogen source for
doping. N@VRCD exhibits phototoxic behavior in the presence of visible
light, which could be further explored for developing a new environment-
friendly photosensitizer agent. Besides, it shows a “turn-off” response
towards Fe*" ions, which is further studied intracellularly using confocal
microscopy and flow cytometry. Green chemistry of synthesis and the use
of as prepared C-dots in photo-triggered theranostics using “Vigna
radiata” has not been reported to date to the best of our knowledge. So,
herein we present, for the first time, the synthesis of fluorescent C-dots
using “Vigna radiata” as the sole carbon source and their evaluation for
biocompatibility, live-cell imaging, photothermal therapy, and

intracellular as well as extracellular Fe** ion sensing.

33



2.2. Results and discussion

2.2.1. Synthesis of N@QVRCD

The nitrogen-doped N@VRCD was synthesized using the hydrothermal
method at 180°C for 24 h (Scheme 2.1). Ethylenediamine (EDA) was used
as a nitrogen source for doping. The reaction conditions were optimized to
obtain a maximum quantum yield using different concentrations ranging
from 200-1000 pL of ethylene diamine per 10 mL of “Vigna radiata”
extract. The quantum vyield was calculated for all the products and
compounds having ethylenediamine 600 pL, 800 pL, and 1000 pL,
showing almost a similar quantum yield (Table 2.1). The highest quantum
yield was found to be ~58%. The increase in quantum yield can easily be

explained based on nitrogen doping [55].
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Scheme 2.1. Schematic illustration for synthesis strategy of N@QVRCD.

For further optimization, two concentrations of ethylenediamine were
chosen, i.e.,, 600 pL and 800 pL. Further, the two solutions of “Vigna
radiata” extract with different concentrations of ethylenediamine were
made by following the same method and were kept at 180 °C with varying
times in the range of 5 h to 36 h. As there is not much difference in the

quantum yield of reaction carried out for 24 h and 36 h, the minimum of
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24 h had been chosen as a standard condition for maximum QY. The QY
was further optimized to the maximum in varying temperatures in the
range of 150 °C to 200 °C, and at 180 °C, the maximum QY was achieved.
Purification could further enhance the QY, which needs further study [55].

Table 2.1. Optimization of Quantum yield of N@VRCD under varying
conditions

S.No. Conc. of EDA QY®
(mI/20ml of the sample)

1. 200 42%

2. 400 44%

3. 600 48.37%

4, 800 48.41%

5 1000 48.44%
Time (h) QY® QYP

(EDA 600mI/10ml) (EDA 800ml/10ml)

1. 5 48.37% 46.84%

2. 8 48.37% 48.41%

3. 12 53.57% 51.34%

4. 24 56.51% 55.73%

5. 36 57.27% 56.37%

S.No. Temperature (°C) QY?®

1. 150 50.44%

2. 160 52.32%

3. 170 55.37%

4, 180 58.11%

5, 200 54.14%

2 sample prepared in water, ® determined by using quinine sulfate as the
standard (®st = 0.54, 0.1 M H2SO4)

Only “Vigna radiata” extract was also used to synthesize C-dots (VRCD)
without any doping agent. The results are summarized in Figure 2.1. With
the addition of EDA, the relative fluorescence intensity increases
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drastically by more than 80%. Further, a more evident difference can be
seen in the fluorescence intensity of VRCD and N@VRCD at emission
wavelength@422nm. Thus, with nitrogen doping, fluorescence emission
gets enhanced of N@QVRCD w.r.to VRCD.

e
)

= 0s]® — VRCD (b) — N@VvRreD)| [ 1
3 —_
3 E)
% 309
§ 0.4 §
3 06
3 < <
3 o2 2 o
> © 03 (o)
> 3 v
0.0
00
250 300 350 400 450 500 250 300 350 400 450 500
Wavelength(nm) Wavelength(nm)
10{(©) 100

@
S

@
=}

I
S

N}
S

(d) — N@VRC
T ————

D
360 400 440 480 520 560
Wavelength(nm)

o

Relative Fluorescence Intensity(%o)

N@VRCD VRCD

Figure 2.1. Comparison of VRCD and N@VRCD (a) Relative
fluorescence intensity (b) Relative fluorescence intensity at emission
wavelength 422nm (c) UV-vis spectra of VRCD (d) UV-Vis spectra of
N@VRCD (e) Images of as-synthesized N@VRCD and VRCD in
daylight and UV light.

2.2.2 Characterization of N@QVRCD

The X-ray diffraction pattern showed one broad peak centered at 20.9°
with the interlayer spacing of 4.2 A, which is greater than graphite (3.3 A),
attributed to distorted sp? carbon structure (Figure 2.2.a). The surface
ligands were analyzed using FT-IR, which shows prominent absorbance
peaks of functional groups at 3428 cm™ and 2925 cm™ which includes
stretching mode of C-H, O-H, and N-H, along with the vibrational mode
of C=0 at 1664 cm™ and bending vibrations of CH at 1401 cm™* with an
epoxide peak at 1048 cm™ (Figure 2.2.b) [3,13].
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Figure 2.2. Structural characterization of N@VRCD (a) PXRD (b) FT-IR
(c) XPS survey spectra. (d-f) High-resolution XPS spectra of C1s, N1s,
and O1s, respectively (g) TEM micrograph (h) HR-TEM (i) SAED
pattern.

X-ray photoelectron spectroscopy (XPS) was carried out to further
structural information analysis. The survey spectrum of N@VRCD shown
in Figure 2.2.c shows three peaks with binding energies of 284.8 eV,
399.2 eV, and 531.2 eV, which reveals the presence of graphitic or
aliphatic carbon (C1s), nitrogen (N1s), and oxygen (O1s), respectively
[11]. In the high-resolution XPS spectrum of C1s, three peaks of binding
energies, 284.7 eV, 285.8 eV, and 287.9 eV, were obtained after
deconvolution, which attributed to C-C/C=C (graphitic or aromatic
carbon), C-N and C-O (epoxy and alkoxy), and C=0 species respectively
[11,56] (Figure 2.2.d). The deconvoluted spectrum of N1s exhibited N
atom of both pyridinic type (399.7 eV) and pyrrolic type (400.4 eV),
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which shows successful doping of C-dots with nitrogen (Figure 2.2.e).
The high-resolution O1s spectrum could be deconvoluted into two peaks
of energies 531 eV and 532.2 eV, which exhibit the presence of C-O and
N-O bonds, respectively Figure 2.2.f. [57-59]. Further, the morphology of
N@VRCD was explained by TEM (Figure 2.2.g). It exhibits that the
shape is primarily spherical, and the size of C-dots is less than 10 nm. The
HR-TEM image (Figure 2.2.h) displays clear lattice fringes, which
indicate the crystallinity of N@QVRCD [60]. SAED pattern is shown in
Figure 2.2.i, it also confirms the poor crystallinity of N@VRCD. The
presence of crystalline, as well as amorphous particles is similar to

previous reports of C-dots.

2.2.3 Photo-physical properties of N@QVRCD

The aqueous solution of N@VRCD shows two distinctive absorbance
peaks at 276 and 344 nm (Figure 2.3.a(i)). The former peak is attributed
to the n—n* transition of the aromatic sp? domain and later n-m* transition
of C=0 [61]. The absorbance peaks in the longer wavelength region are
often seen after surface passivation. As we can observe in the absorbance
plot of VRCD (Figure 2.1.a), there is no peak in the longer wavelength
region [62]. Concurrently, Figure 2.3.a (inset) shows visual changes in the
light-yellow colored solution of N@VRCD to a bright blue fluorescence
when irradiated with a UV trans-illuminator at 365 nm.

The fluorescence spectra have been measured as a function of excitation
wavelength (Figure 2.3.a (ii), (iii)). Emission maxima centered at 422 nm
were obtained at 360 nm excitation wavelength, along with the excitation-
dependent emission wavelength, which is the prominent feature of C-dots
(Figure 2.3.b) [63]. Emission maxima range from about 410 nm to 530

nm, which could be utilized in multicolor imaging [64].
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Figure 2.3. Optical characterization of N@VRCD (a) (i) UV-vis
absorption spectrum of N@VRCD (ii) Fluorescence excitation spectra,
(iii) emission spectra of N@VRCD. (Right inset) color of N@VRCD
solution without & with UV irradiation (360 nm), (b) excitation-dependent
emission (c) fluorescence lifetime decay (d-f) Stability of N@QVRCD: at
varying UV illumination (d), at different temperatures (e) and at the

variable time (f).

Time-correlated single-photon counting (TCSPC) (Figure 2.3.c) was
performed to obtain insight into the fluorescence response’s kinetics of
N@VRCD using a 375 nm diode laser. The data obtained after the best
three-exponential function fitting showed the average lifetime of
N@VRCD alone is 2.67 ns. Such a short average lifetime indicates that
the fluorescence of N@CRCD is radiative recombination in nature
[65,66]. Further, the fluorescence stability was determined under UV
irradiation by the varying temperatures, time, and pH. N@VRCD shows
exceptional stability after UV irradiation, as depicted in Figure 2.3.d.
sample exposed to a 125 W UV (365 nm) lamp for 120 min retains 88% of
initial fluorescence intensity. Similarly, fluorescence was stable at
different temperatures up to 82% when kept at -80 °C, -20 °C, 0 °C, 25 °C,
37 °C and 90 °C for 2 h (Figure 2.3.e). After about 160 days of synthesis,
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about 88% of initial fluorescence intensity was retained (Figure 2.3.f).
The fluorescence ability of N@VRCD is also relatively stable in the pH
range of 2-10. Thus, N@VRCD was highly stable under harsh conditions,
and suitable for bio-imaging and intracellular sensing.

2.2.4 Evaluation of cellular response towards N@VRCD

2.2.4.1 Cell viability and cell imaging

Besides optical superiority, excellent biocompatibility is needed for
N@VRCD for its biomedical applications. The cell viability studies were
performed on HelLa and A375 cells (a human cervical cancer cell line and
melanoma cell line, respectively) to determine the biocompatibility of
N@VRCD. The results shown in Figure 2.6.a illustrate more than 75%
cell viability after treatment with high concentrations ranging from 50 ug
mL to 1000 pg mL™* for 24 h.

Further, when Hela cells and A375 cells were excited with 405 nm, 488
nm, and 559 nm lasers after 2 h incubation with N@VRCD, they showed
blue, green, and red color fluorescence, respectively (Figure 2.4). The
staining pattern confirms the membrane permeability of N@VRCD, and it
also perpetuates its multicolor emission property in the cellular
environment. However, the accurate localization could not be interpreted

because N@VRCD emission spread over a wide range.

[ BrightFdd [ A " d0swm [ A d8sam [ A S%um |

HelLa Cells

Figure 2.4. Bio-imaging of HeLa cells using N@VRCD (50 ng mL™) at

37 °C for 2 h at various excitation wavelengths.
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2.2.4.2 Hemocompatibility

To check the human blood compatibility, a hemolysis ratio test was
performed. Due to the health implications of C-dots, it’s essential to
understand their effect on red blood cells (RBCs). The results obtained
from the hemolysis study shown in Figure 2.5 ratify the hemocompatible
nature of N@VRCD. Less than 5% hemolysis was observed even when
RBCs were exposed to a very high concentration of 50 mg mL™. Positive
control clearly shows the red color of the supernatant due to the presence
of free hemoglobin. In contrast, the treated samples do not offer any red
color of the supernatant, and their color resembles that of negative control
(Figure 2.5.b). Any material showing less than 5% hemolysis is
considered hemocompatible [67]. The SEM images of RBCs treated with
varying concentrations of N@VRCD further confirm the biconcave
morphology of RBCs and support the hemocompatible nature (Figure
2.5.c). Thus, surface passivation helped the non-hemolytic nature of
N@VRCD consistent with earlier reports.[68].
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Figure 2.5. Hemocompatibility of N@VRCD (A) graphical
representation of % hemolysis after 1 h incubation of RBCs with different
concentrations of N@VRCD (B) Camera images of control and
experimental samples. (C) SEM images of N@VRCD treated RBCs.
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2.2.4.3 Photo-cytotoxicity

Bioimaging studies have already established that N@QVRCD is being
taken up by the cells and is non-cytotoxic. However, phototoxicity of
carbon nanomaterials such as graphene quantum dots was investigated
[40] for further applicability. Thus, photo cytotoxicity of N@VRCD was
investigated here. The photocytotoxicity profile in the presence of visible
light (400-700 nm) was studied to evaluate the photodynamic capability of
N@VRCD, which was calculated in terms of ICso value in HelLa and
A375 cells by using a MTT assay. N@VRCD was surprisingly photo
cytotoxic with an 1Cso value in Hela and A375 cells having concentrations
of 505 ng mL* and 310 ug mL?, respectively (Figure 2.6) when exposed
to visible light while being non-cytotoxic in the dark. The plausible
mechanism of cytotoxicity was the generation of reactive oxygen species
(ROS). To get further insights into the mechanism, ROS generation was
determined using a singlet oxygen scavenger DPBF in vitro. In contrast,
intracellular ROS generation was determined by using DCF-DA, ROS

detection assay.
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Figure 2.6. (a) Cell viability of A375 and HelLa after 24 h with various
concentrations of N@VRCD (50pg mL-1 — 1000 pg mL-1) (b) Cell
viability of A375 and HeLa cells after 1 h exposure to visible light (400-
700nm)
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2.2.4.4 Singlet oxygen measurement

To foresee the possibility of intracellular ROS generation, the ability of
N@VRCD to generate singlet oxygen was studied. One of a
photosensitizer's most important photochemical properties is singlet
oxygen production. The singlet oxygen produced by N@VRCD upon
irradiation reacts with DPBF, leading to a decrease in the absorbance at
414 nm. As shown in Figure 2.7 absorbance value was taken after each
irradiation with a time interval of 5 sec. The significant and gradual
decrease in absorbance indicates the formation of photo-induced singlet
oxygen in the solution of N@VRCD in DCM. At the same time, when the
only N@VRCD solution in DCM with DPBF was irradiated, no change in
absorbance value indicated any degradation of N@VRCD in the presence
of light. The singlet oxygen quantum vyield (®A) was found to be 0.41.
The obtained results indicate the role of ROS in photo-induced cell death.
A linear relationship between time and absorbance value was shown in
Figure 2.7.b.

According to earlier reports, when specific nanoparticles are irradiated
with light, they get excited and react with molecular oxygen present in the
system, producing ROS and cytotoxicity. Carbon dots upon
photoexcitation show electron excitation from the valence band to the
conduction band and form electron-hole pair. However, when these
electrons combine with surface-bound molecules such as oxygen, free

radicals are formed, which lead to hydroxyl radical formation.[42]
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Figure 2.7. (a)The absorbance decay spectra of DPBF in the presence of
N@VRCD with various irradiations (b) Relationship between the
absorbance of DPBF with irradiation time in the presence of N@VRCD

2.2.4.5 Intracellular ROS generation assay

To further confirm the intracellular generation of ROS in the presence of
light, a DCFDA assay was carried out, which was widely used to measure
the cell’s redox state. 2'-7'-dichlorodihydrofluorescein diacetate
(DCFDA), a non-fluorescent compound that can quickly enter the cell via
cell membrane and accumulate inside the cell, which on oxidation by ROS
species provides a highly fluorescent compound 2°,7’-dichlorofluorescein
(DCF). The concentration of DCF could be measured by exciting it by
485nm, which gives emission maxima at 530 nm. The studies were carried
out on the A375 cell line. The samples were only cells (control), only
DCFDA treated cells, and cells treated with DCFDA and N@VRCD after
irradiation for 1 h with visible light of 400-700 nm or in the dark (as
control). A clear shift was readily observed in the fluorescence data
obtained using FACS of cells treated with N@VRCD then exposed to
light compared to those treated with N@VRCD alone or with N@VRCD
and DCFDA in the dark (Figure 2.8). This infers ROS formation by
N@VRCD on visible light exposure; however, no such observation was
observed when placed in the dark, which supports lower cell viability due
to ROS arbitrated cell death. To the best of our knowledge, the present
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work is the first report investigating the photo-toxic nature of green carbon

dots on human cell lines (Table 2.3).

0 Specimen 001-CONTROL

1.Control

2. Cell + DCFDA(dark)
3. Cells + DCFDA +
N@VRCD (dark)

4, Cells + DCFDA +
N@VRCD (light)

Count

100 200 300 400 SO0

0

107 107 10* 103

Figure 2.8. The study of shift in fluorescence intensity of only cells
(control) compared with the addition of different additives under different
conditions as mentioned in A375 cells shown as a histogram, done using a

flow cytometer.

2.2.5 Analytical sensor response of N@VRCD

The dual ability of C-dots to act as an electron acceptor and electron donor
leads to fluorescence quenching due to the electron transfer between metal
and the C-dots. The water-soluble nature of N@VRCD makes it a
potential candidate to be a sensor in biological systems.

The fluorescence “turn off” response of water-soluble N@VRCD towards
Fe3* was one of the interesting findings and was consistent with the earlier
reports.[69] As shown in Figure 2.9, the fluorescence quenching was
observed when the aqueous solution of Fe** in the range of 0-3000uM was
added to the N@VRCD solution. A good linear correlation was found
between 100-1000 pM and 1000-2000 uM, for which an adj. R? value is
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0.98 and 0.99 respectively (Figure 2.9.b). The following equation was
used to calculate the limit of detection [51].

Limit of detection (LOD) = 3.3(c/S) 3)
In this equation, S represents the calibration curve’s slope, and o
represents standard error. LOD was found to be as low as 140 nM.
Further, the fluorescence intensity gradually decreased to 13% of the
initial intensity of N@VRCD after the addition of 3000 uM Fe®* solution.
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Figure 2.9. (a) N@VRCD’s Fluorescence spectra after addition of Fe3+
(concentration range from 100 uM - 3000 uM) (b) Relationship between

concentration of Fe3* and F/F.

2.2.6 The mechanism for fluorescence quenching of N@VRCD

According to previous reports, the “turn-off” behavior of N@VRD can be
explained by the electron transfer mechanism and formation of the metal-
fluorophore complex [8,28,70]. As elaborated in Figure 2.10, plentiful
phenolic hydroxyl group (-OH) present on the surface of N@VRCD form
specific coordination interaction with Fe3*. The formation of this complex
leads to the splitting of the d orbital of Fe3*, which facilitates the non-
radiative electron-hole recombination, leading to significant fluorescence
quenching. The Quencher molecule (Fe®* in this case) reacts with the

fluorophore (N@VRCD) either at the ground state or excited state leading
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to static or dynamic quenching.[71] Apart from this, the redox potential of
Fe¥*/Fe?* is in the middle of the conduction and valence bands of
N@VRCD, so photo-induced electrons can be transferred to the
complexed Fe** from N@VRCD’s surface, resulting in fluorescence
quenching [72,73].

Aex = 360nm AEX = 260nm

Figure 2.10. The mechanism for fluorescence quenching of N@VRCD

To confirm the electronic communication between the N@VRCD system
and Fe(lll), theoretical calculations were performed based on density
functional calculation. Two types of basic sets were used in DFT
calculations, (i) 6-31G basic sets were used for carbon (C), hydrogen (H),
Oxygen (0O), and Nitrogen (N), and (ii) LanL2DZ basic was used for Fe
(1. The energy and geometry optimization was performed using
Gaussian 09 program. [74,75] HOMO and LUMO energy of the
N@VRCD system was found to be -4.2936 eV and -2.9124 eV,
respectively. The LUMO energy of N@VRCD was higher than that of the
standard reduction potential of the Fe?*/Fe®* system, which is 0.77 V,
which indicates the favorable electron transfer from N@VRCD to Fe(lll).
Moreover, the HOMO and LUMO energy of the N@VRCD system was
calculated to be -4.2936 eV and -2.9124 eV, respectively. While in the
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case of N@VRCD —Fe(Ill), HOMO and LUMO energy were found to be
-4.5970 eV and -3.2977 eV, respectively. Moreover, The theoretical band
gaps of N@VRCD and N@QVRCD —Fe(lll) were found to be 1.38 and
1.29 eV, respectively (Figure 2.11).
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Figure 2.11. Frontier molecular diagrams of N@VRCD and N@QVRCD-

Fe(I11) systems at 0.03 iso values.

Further, to get insights into fluorescence response kinetics of N@VRCD,
TCSPC was done using a 375 nm diode laser with and without the
addition of Fe** in N@VRCD solution in water. The results are obtained

in Figure 2.12. a revealed that there is not much difference in average life
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lime of the control sample, i.e., N@VRCD alone and after adding various
concentrations of Fe3* solution, indicating the static quenching in the
N@VRCD-Fe®* system.
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Figure 2.12. (a) Fluorescence lifetime decay of N@VRCD in the absence
and presence of Fe3* (b) Emission spectra of N@VRCD excited at 405

nm, 488 nm, and 559 nm, respectively

2.2.7 Selectivity and sensitivity studies of N@VRCD towards Fe3*

Furthermore, to evaluate the selectivity of the sensor specifically towards
the Fe®*" the fluorescence quenching effect of various metal ions and
anions (Co?*, Li*, K*, Zn?*, AP, Mn%, V', Mo", Sn?", Ag*, Ba**, Mg?",
Ga®*, Fe?*, Na%**, Cd?", Cr?*, Ca?, Cu®, La*, Pt", Hg?, Ni?*, S%,
CH3CO0O", COs*, No*, POs*, S;08> and SO4*) on N@VRCD was
investigated. As depicted in Figure 2.13.a Fe®* exhibits the most
significant effect on fluorescence quenching among all the metal ions.
Moreover, competitive selectivity studies were performed to check the
impact of other anions and cations on the sensing behavior of N@QVRCD.
As shown in Figure 2.13.b-c, even in the presence of various other anions
and cations, the N@VRCD could sense Fe3* effectively. The quenched
fluorescence of N@VRCD/Fe** was recovered up to 32% of the original
when Phosphate ions were added to the mixture. No other anion or cation

showed any such effect, as shown in Figure 2.13.a(inset). This could be

49



due to the competitive interaction of N@VRCDs between phosphate

molecules and Fe3*.
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Figure 2.13. (a)Selectivity in the sensing response of various metal ions (c
= 1.0 x 1072 M) with N@VRCD (0.5mg mL™ in water) (inset) Fluorescent
recovery after quenching with Fe** upon addition of various cations and
anions. (b-c) Competitive Selectivity in the sensing response of
N@VRCD in the presence of cations and anions (¢ = 1.0 x 1072 M).

2.2.8 In-vitro intracellular Fe®* ion sensing

The suitability of N@VRCD as an intracellular Fe*" sensing agent was
checked using confocal microscopy and flow cytometry. The fluorescence
was quenched completely when cells treated with N@VRCD were
incubated with Fe** (Figure 2.14.a-c), which verified the authenticity of
spectroscopic studies. The flow cytometry experiment endorsed

fluorescence quenching after adding Fe3* ions (Figure 2.14.g-i). It must
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be mentioned here that N@VRCDs act as a nanosensor for sensing of
Fe3* having excellent sensing capability with a better limit of detection

and broader liner range w.r.to other reported literature (Table 2.4).
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Figure 2.14. Intracellular sensing of Fe** in HeLa cells treated with
N@VRCD (50 pg mL™Y) at 37°C for 2 h with the help of confocal
microscopy (a,d) Bright field (b,e) at Aex/Aem = 405/450 = 25 nm (c)
N@VRCD+ 500uM of Fe* (f) N@VRCD+ 500uM of Fe3* (after light
irradiation) (g-i) Intracellular fluorescence intensity determination of

control, N@VRCD treated and N@VRCD + Fe®" treated HelLa cells
using flow cytometry.

Also, the green synthetic approach, very high quantum yield, excellent
bio, and hemocompatibility make N@VRCD a potential candidate for its
application in Fe** sensing. Moreover, ROS is being generated only in the
presence of light. For Fe®* determination, no such condition is required.

Still, we have checked the effect of ROS on Fe®* determination in live
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cells by determining it after exposing the cells to light for one hour. As per
our expectations, Fe3* still be determined without any difficulty, even in
the ROS-containing cells (Figure 2.14.d-f).

Table 2.2. Various Green precursors for the synthesis of C-dots and their

quantum yield

- Konjac flour 22% [10]

- Hair 17% [11]
Grass 6.2% [17]
Coffee grounds 3.8% [16]
Banana juice 8.9% [13]
n Chionanthus retusus 9% [8]
Milk 12% [14]
“ Silkworm chrysalis 46% [61]
“ Peanut shells 9.91% [76]
S. officinarum juice  5.76% [15]
Oatmeal 37.40% [77]
Crab shells 19.84% [78]
(<t Lactobacillus 16% [79]
. plantarum

Sweet pepper 19.3% [80]
Phyllanthus acidus 14% [81]
Vigna radiata 58% Present work
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Table 2.3. The comparison of C-dots prepared using “Vigna radiata” with

other recently reported green precursor-derived C-dots.

Green Bio- Sensing  Hemo- Intra-

Precursor  imaging Compatibility cellular
sensing

(= Black v X X X X [82]
. pepper
7| Pork X Uric X X X [83]
. Acid
< | Vege- X Alka- X X X [84]
table line
waste phos-
phate
/| Rose- v Fe* X v X [85]
heart
radish
Caffeine  x Ag* X X X [86]
Date v Zole- X X X [87]
kernel dronic
acid
'/ Peanut v X X X X [76]
. shells
Jinhua X Hg?* X X X [88]
bergamot and
Fe3*
Water v Co- X v X [89]
Chestnut enzyme
and A
Onion
“Vigna v v v v v Present
. radiata” work
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Table 2.4. Performance comparison of various fluorescence-based Fe®*

SENsors.

Sensing Green Method Linear
S. No. Element Sensor Range

Nitrogen-doped No 0.010 -1.8 10ppb [90]
- carbon dots “Turn Off” ppm
2 Nitrogen-doped No Flu. X 20 nM [91]
- carbon dots “Turn Off”
3 C-dots Yes Flu. 0.025-100  0.075 [88]
- “Turn Off” uM uM
4 N and S doped No Flu. 6.0-200 M 0.80 M [92]
- carbon dots “Turn Off”
5 Carbon No Flu. X 0.04 [47]
- nanodots “Turn Off” uM
1,8- No Flu. 1.33x107- X [93]
naphthalimide “Turn Off”  4.00 x 1074
dye mol L™
7 Fluorescent No Flu. 0.1 — 500 30 [94]
carbon “Turn Off” uM nM
nanoparticles
CDs No Flu. X 1 ppm [95]
N-CDs Yes Flu. 0-2 mM 70mM  [8]
10 Nitrogen-doped  No Flu. 0-1000 79 nM [96]
- carbon dots “Turn Off” uM
11 FNCDs Yes Flu. 2-25 09uM  [81]
12 PProDOTCB- No Flu. 0.047-0.084 0.023 [97]
- salt “Turn Off” mM mM
13 Bis(rhodamine) No Flu. 150-237.5 X [98]
14 Derivative  of No Flu. 1uM - 1000 45uM  [99]
- naphthalimide “Turn Off” uM
15 Syzygium Yes Flu. 0.01-100 0.001 [69]
- cumini “Turn Off” uM uM
16 Solanum Yes Flu. 01-20uM X [71]
- lycopersicum “Turn Off”
17 N@VRCD Yes Flu. 100- 2000 140nM  Present
- “Turn Off”  pM work
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2.3. Conclusion

A new green source, “Vigna radiata,” was explored to efficiently
synthesize multi-talented C-dots doped with nitrogen to get the highest
quantum yield (~58%) reported using a green source. The nitrogen-doped
surface passivated C-dots (N@VRCD) exhibited excellent water
solubility and bright multicolor fluorescence with great photo-stability.
The as-prepared green C-dots were photo-toxic due to ROS formation in
the presence of light. They were observed by singlet oxygen measurement
and intracellular ROS detection studies. The novelty of the present work
opens grounds to explore N@VRCD for making a new chemotherapeutic
agent for cancer treatment. Moreover, it showed a highly selective and
sensitive “turn-off” response towards Fe®* ions. The reasonable
biocompatibility and hemocompatibility make it a promising multicolor
fluorescent agent for live-cell imaging, bio labeling, and intracellular Fe3*

ion sensing.

55



2.4. Experimental section

2.4.1. Materials and reagents

The purchasing of “Vigna radiata” (green gram) seeds was done locally.
Ethylenediamine was attained from sigma-Aldrich. The anions and metal
salts were procured from sigma-Aldrich and Merck. No further
purification was done of the received analytical grade chemicals. The
work was completed using the Sartorius Milli-Q system’s Deionized water
(D).

2.4.2. Instruments

The X-ray diffraction (XRD) was analyzed using a Rigaku, RINT 2500 V
X-ray diffractometer with Cu Ka. radiation (1.5406 A). The Varian Cary
100 Bio UV-visible spectrophotometer was used to perform UV-visible
spectroscopic studies. A Fluoromax spectrofluorometer was used to
conduct fluorescence studies. IR spectra (4000-400 cm™) and X-ray
photoelectron spectroscopy (XPS) were recorded using the Bio-Rad FTS
3000MX instrument and AXIS ULTRA. TEM images were recorded
using a FEI Tecnai G2- F20 Transmission Electron Microscope. The
cellular imaging studies were carried out using an Olympus laser scanning
microscope. Synergy H1 Biotek microplate reader used for absorption
studies of MTT assay. Flow cytometric analysis was performed on BD
LSR Fortessa.

2.4.3. Synthesis of N@VRCD

Hydrothermal carbonization was used for the synthesis of N@VRCD.
“Vigna radiata” seeds (250 gram) were washed thoroughly with running
tap water and were immersed in 500 mL of RO water for 12 h. To get
sprouts, soaked seeds were kept covered with a damp cloth for 24 h. The
sprouts were ground using a domestic mixer by adding 200 mL of RO
water to get a thick “Vigna radiata” extract. Further, 10 mL of “Vigna
radiata” extract was mixed with different concentrations from 200 pL to

1000 uL of ethylenediamine. The mixture was sonicated for 10 min to
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achieve a homogenous solution. The solution was then transferred to a
Teflon-lined autoclave followed by hydrothermal treatment at 180°C for a
period of 24 h. The autoclave was kept at room temperature for cooling
down. The product suspension was centrifuged at high speed to remove
large particles to purify. Black sticky product (N@VRCD) was obtained
by lyophilization and was re-suspended in water as per requirement.

2.4.4. Calculation of quantum yield

The quantum yield was calculated according to the procedure suggested in
the manual "A Guide to Recording Fluorescence Quantum Yields" by
HORIBA Jobin Yvon IBH Ltd. and the published procedure [48]. The
fluorescence quantum yield (®F) of N@QVRCD was calculated by using
equation (1), where quinine sulfate dissolved in 0.1M H2SO4 was taken as
the standard (®st = 0.54)

®F = Ot X Ss/ Sst X Ast [As X N2s | N2t (@D)]
where OF is the emission quantum yield of the sample, ®st is the emission
quantum yield of the standard, i.e., quinine sulfate (0.54) [49], Ast and As
represent the absorbance of the standard, and the sample at the excitation
wavelength, respectively. At the same time, Sst and Ss are the slopes from
the plot of the integrated fluorescence intensity vs. the absorbance of the
standard and the sample at different concentrations, respectively, and ns
and ns are the solvent refractive index of the standard and the sample.
Subscripts s and st refer to the sample and the standard, respectively. The
procedure followed is as written below:

(1) Integrated fluorescence intensities were measured at excitation
wavelength 345 nm when the absorbance was set as 0.02, 0.04, 0.06, 0.08,
and 0.1 at 345 nm of QS.

(2) The integrated fluorescence intensity vs. the absorbance of QS was
plotted, and the slope was calculated (Figure 2.15).

(3) Similarly, Integrated fluorescence intensities were measured at
excitation wavelength 360 nm when the absorbance was set as 0.02, 0.04,
0.06, 0.08, and 0.1 at 360 nm of N@VRCD.
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(4) The integrated fluorescence intensity vs. the absorbance of N@VRCD
were plotted, and the slope was calculated.

(5) The final calculations were made by putting values in equation 1.

@ (b)
Adj R% =0.986 Adj R% = 0.995 .
Slope = 4.643 Slope =5.019

Integrated Fluorescence Intensity
(a.u)

Integrated Fluorescence Intensity
(a.u)

T T T T T T T T T T
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
Absorbance Absorbance

Figure 2.15. (a) The plot of integrated Fluorescence intensity (excited at
345 nm) against absorbance values at 345 nm of quinine sulfate (QS) (b)
Plot of integrated Fluorescence intensity (excited at 360 nm) against
absorbance values at 360 nm of N@VRCD.

2.4.5. Fe (111) ions detection and selectivity studies.

The metal ions detection procedure was as follows.

The fluorescence spectrum of 2 mL aqueous solution of N@VRCD was
recorded at Aex. 360 nm and maximum intensity were set as control (Fo). In
the meantime, all the metal solutions were prepared by dissolving salts of
Na*, Zn?*, Ba?*, AI**, Fe**, Mg?*, Mn?*, Cu?*, Fe?*, Cd?*, Cr®*, Ni?*, and
K* in milli-Q water to get a final concentration of 10 mM. The solution of
different metal ion as-synthesized was mixed with the N@VRCD
solution, and fluorescence spectra were recorded at Aex. 360 nm. All the
experiments were done at room temperature under similar conditions. The
highly sensed metal ion was determined, and further sensing experiments
were conducted at lower concentrations (0-1000 uM). Subsequently,
competitive selectivity for Fe3* was done in the presence of other metal

ions.
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2.4.6. Cytotoxicity, Bio-Imaging, and Flow Cytometric Studies.

Cell viability was studied using HeLa (cervical cancer cell line) and A375
(human melanoma cell line) by performing 3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyltetrazolium bromide (MTT assay) [50,51]. The purple-
colored formazan produced by reducing yellow tetrazolium by
metabolically active cells was quantified by dissolving them in DMSO and
recording the absorbance at 570 nm. Dulbecco's modified Eagle medium
supplemented with 1% antibiotics penicillin/streptomycin, 10,000 U mL™*
and 10% (v/v) fetal bovine serum was used to grow cells in a 96-well
plate. 1x10* cells in 100 uL of growth media were seeded in each well and
allowed to grow using a 5% COz humidified atmosphere at 37 °C for 24 h.
Different concentrations of N@VRCD ranging from 50 ug mL™? to 1000
ng mLt were added to the wells in triplicates. The wells containing
growth media only were taken as control. After 24 h incubation, the
N@VRCD containing media was replaced with fresh media having MTT
(0.5 mg mL™?) dissolved in it, which was further incubated for 4 h. The
purple formazan crystals so formed were dissolved in 100 uL of DMSO.
The absorbance was read at 570 nm. The percent cell viability was
calculated using the following equation (2).

% Cell Viability = Abs Exp)/ AbS (controly X 100 (2
Bio-imaging was done using HeLa and A375 cells grown in confocal
dishes for 24 h and treated with N@QVRCD (250 pug mL™) for 2 h. The
cells were washed with 1X PBS twice after treatment, and live-cell images
were taken using a confocal laser scanning microscope using blue, red,
and green laser sources.

The flow cytometric studies were carried out to investigate further the
staining abilities of N@VRCD and its sensing behavior towards Fe3* ions.
Cells were grown in a 6-well plate until they achieved 100% confluency.
Cells of wells without treatment were taken as control. The stained sample
consists of cells treated with N@VRCD (250 pug mL™) for 2 h. For Fe3*

ion sensing, the cells were first treated with N@VRCD and then exposed
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to the Fe®*" solution. The cells were trypsinized, and the pallet was
collected after centrifugation, and further dissolved in 1X PBS for flow
cytometric analysis.

2.4.7. In-vitro PDT effect

Photo-toxicity studies were performed similarly to that of cytotoxicity
studies. Two 96 well plates were divided into dark control and light
experiment groups. Cells were grown for 24 h. Treatment of N@VRCD
was given from 50 pg mL? to 1000 ug mL™ in both plates. After 4 h of
treatment, cells of 96 well plates belonging to the light experiment group
were exposed to the visible light lamp (400-700 nm) for 1 h and again
incubated for the next 20 h. The other dark control 96 well plate was kept
under identical conditions but without irradiation. As mentioned above,
cell viability was measured by MTT assay, and % cell viability were
calculated subsequently.

2.4.8. Intracellular reactive oxygen species (ROS) generation assay

2°, 7’- dichlorofluorescein diacetate (DCF-DA) was used to determine the
generation of Intracellular reactive oxygen species (ROS) in live cells. The
ROS generation studies used HelLa and A375 cell lines (plated in
duplicate). After 24 h of growth, the cells were incubated in the presence
and absence of N@VRCD (treatment concentration = ICso value in the
presence of light), dispersed in DMEM, and incubated for 4 h. Further,
one set was photo-irradiated, and the other was kept in the dark. DCF-DA
(30 uM) was added, and the plates were incubated in the dark at 37 °C for
30 min. Cells without DCF-DA were treated as a negative control. All the
cells were trypsinized, centrifuged, suspended in 1X PBS, and analyzed in
the flow cytometer using Aexc.= 488 nm.

2.4.9. Singlet oxygen (*O2) measurements by DPBF chemical trapping

The singlet oxygen (*O2) generation capability of N@VRCD was assessed
by using 1, 3-diphenylisobenzofuran (DPBF) as a detection probe [52].
DPBF act as a 1O, scavenger [53]. A visible light (400-700 nm) was used
for irradiation experiment. N@VRCD mixed with DPBF (3x10° M) and
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irradiated. The decrease in absorbance value of DPBF at 414 nm was
observed spectrophotometrically. The singlet oxygen quantum yield (®A)
was calculated by wusing Methylene blue (MB) (®A=0.57 in
dichloromethane) as standard [54].

2.4.10. Hemolytic assay

The hemolytic activity of N@VRCD was investigated further to check its
hemocompatibility. Fresh blood was collected from a healthy human in a
sodium citrate vial. The blood was centrifuged at 3000 rpm for 10 min,
and supernatant plasma was discarded. The collected RBCs were washed
three times with 1X PBS and treated with N@VRCD in the concentration
range of 0.01 mg mL? to 50 mg mL™. Subsequently, the tubes were
incubated for 60 min at 37 °C and centrifuged at 700x g for 10 min. The
amount of free hemoglobin in the supernatant was determined by
measuring the absorbance of the supernatant at 540 nm in the microplate
reader. Sterile saline solution and Triton X 100 (0.2%) were used to set
negative and positive controls, respectively [3]. All the experiments were
run in triplicates. To investigate any change in the morphology of RBCs,
SEM was done after fixing cells in 4% glutaraldenyde followed by
dehydration with 30%, 50%, 70%, 90%, and 100% ethanol serially.
Institute Human Ethics Committee (IHEC), IIT Indore, was consulted to

use a human blood sample.
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CHAPTER 3

Photoactivatable carbon dots as a label-free
fluorescent probe for picric acid detection in
aqueous medium and light-induced bacterial

Inactivation

3.1. Introduction

Nitroaromatic explosives, used more recently, are hazardous for humans,
animals, and the environment [1]. Among these nitroaromatic compounds,
picric acid is highly water-soluble, which makes it stand out as the most
hazardous environmental pollutant [2]. So, the rapid and accurate
detection of highly water-soluble picric acid is an essential current
research field. The detection methods and techniques, along with the
newly developed sensors for picric acid determination, have recently been
explored using various fluorescent probes [3-10]. The excellent water
solubility of picric acid is the primary concern that makes it a dangerous
water and soil contaminant, which can cause adverse effects on human and
animal health [11-13]. Therefore, the determination of picric acid in an
aqueous medium has gained substantial effort from the research
community lately. Among the various other materials such as picric acid
sensors, the carbon dots attracted immense interest from researchers due to
their commendatory performance. Many properties of carbon dots
distinguish them from others, like appealing optical properties, excellent
water solubility, high biocompatibility, easy surface passivation, and
environment-friendliness [14-19]. The carbon dots-based sensors have
been used for sensing a wide range of analytes such as metal ions [20,21],
biomolecules [22-25], drugs [26-28], and many more [29].
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Healthy living is a prime concern in today’s life, so the materials that have
the potential of killing harmful bacteria and other microorganisms are
gaining interest rapidly. Coating materials, as mentioned earlier, on the
surfaces of everyday used items that are frequently touched by several
individuals like doorbells, public swings, toys, switchboards, and phones
to make them antimicrobial so that the transmission of infectious diseases
could be controlled [30-32]. In many cases, improper use of antibiotics is
a leading cause of antibiotic resistance, so off-the-centered plans of action
are required to gear up for such infections [33,34]. Recently,
photodynamic therapy for treating cancer and infectious diseases has
gained interest. Photodynamic antimicrobial therapy (PDAMT) is
appropriate for treating surface microbial infections such as skin infection,
burn tissues infection, bedsores in elderly patients, acne, and making
aseptic surfaces [35,36]. The materials that could act as photosensitizers in
photodynamic antimicrobial therapy are chosen. Moreover, the chances of
developing resistant strains are almost nil in this PDAMT compared to
conventional antibiotic therapies. Conventionally in PDAMT, UV or NIR
lights are used to irradiate photo-sensitizers to generate reactive oxygen
species (ROS) for bactericidal action. UV and NIR light exposure are
hazardous to humans, so visible light activatable agents have been
presented with extra attention of late. Various new visible light activatable
agents such as gold nano-particles, ruthenium complexes, and TiO>
nanoparticles have been synthesized in recent years [37,38]. Surface-
modified carbon dots have been showcased as efficient visible light-
activated antimicrobial agents [39-42].

Given this, the present work focused on synthesizing nitrogen, silver, and
gold bimetallic heteroatom doped carbon dots (BCDs) using citric acid as
the sole carbon source having excellent quantum yield and greater aqueous
solubility for the label-free detection of picric acid in an aqueous system.
Synthesized, BCDs showed commendable sensitivity, selectivity, and

precision towards picric acid detection. Additionally, these BCDs were
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also explored as a photosensitizer for efficient bacterial elimination owing
to their visible light activatable nature, which can be used to fabricate
advanced biocidal surface coatings to keep surfaces free from any
potential pathogenic microbes.
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3.2. Results and discussion

Hydrothermal carbonization was used for the synthesis of BCDs. The
synthesis was performed by heating the whole mixture at 180 °C for 4 h in
an autoclave using the furnace. The heteroatom doping was done using
different sources like HAuUCI4 for gold, AgNOs for silver, urea, and BSA
for nitrogen, as shown in Scheme 3.1. The quantum yield was calculated
and found to be around ~50%. The plausible mechanism behind the
formation of BCDs includes carbonization followed by hydrolysis of
carbon precursors, which can be initiated by increasing temperature
followed by dehydration.
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Scheme 3.1. Schematic illustration of the preparation of BCDs.

Further increase in temperature led to condensation, hence polymerization,
which gave carbon nuclei. Rising temperatures lead to the growth of these
carbon nuclei within polymeric fragments, which ultimately burst and give
rise to ultra-small carbon dots [50,51]. The structural and optical
characterization was performed to elucidate the insights of prepared
BCDs, which were further investigated as a picric acid sensor and a
photoactivated antibacterial agent. It must be mentioned here that nitrogen
doping was performed to enhance the fluorescence characteristics of

prepared carbon dots owing to its unpaired electron, whereas Au and Ag’s
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doping was incorporated to modulate the overall photosensitizing nature,

which may lead to higher biocidal nature of as prepared BCDs.

3.2.1 Morphological and Structural Characterization of BCDs.

XRD, TEM, and FTIR were performed to get structural insights of BCDs.
A broad hump was seen in XRD spectra, where the peak lies at 20.23°.
The distorted graphite hybridization was indicated by the greater interlayer
spacing of 4.3 A (Figure 3.1.a). The oxygen-rich surface functional groups
of carbon dots could be the reason behind distorted sp? hybridization and
broad peak indicating amorphous nature as seen in XRD [22]. Raman
spectroscopy was performed to quantify the sp? and sp® hybridized carbon
atoms present in prepared BCDs carbon-based nanostructures contain
mainly characteristic D (sp®- hybridized) and G (sp?- hybridized) bands. In
the current work, BCDs exhibited two prominent Raman bands at 1311.59
cm™ and 1574.31 cm™ respectively (Figure 3.1.f). It can be mentioned
here that 785 nm laser sources were used to record the spectra to minimize
the fluorescence signal from BCDs [52]. In the present spectrum, the D
band arises from the edge of sp? hybridized atoms, and it confirms the
presence of doped elements (N, Au, and Ag) within the carbon lattice.
Additionally, the higher intensity of the G band in comparison to the D
band supports the higher degree of sp? atoms within the BCDs structure
[53,54]. In the FT-IR spectrum of BCDs (Figure 3.1.b), a strong
absorbance band is visualized at 3342 cm™ attributed to the O-H stretch of
the hydroxyl group and a weak absorbance band at 2093 cm™ corresponds
to O-H stretching of the carboxyl group [55,56]. The carbonyl in the
amide bond gives rise to a strong peak of its stretching vibration at 1634
cm™ [57,58]. A weak absorbance band at 1408 cm™ is attributed to C-N
stretching vibration [59]. The peaks visualized at 1224 cm™ and 618 cm™
were assigned to C-OH stretch and C-H bending, respectively [60,61].
The surface passivation with such hydrophilic functional groups helped

BCDs achieve high aqueous solubility and stability.
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Figure 3.1. Structural and morphological characterization of BCDs (a)
Powder X-ray diffractogram (b) FT-IR (c) Size distribution histogram of
BCDs obtained from TEM image and SAED pattern (inset) (d) TEM (e)
HR-TEM micrograph (f) Raman Spectra of BCDs (g) XPS survey spectra
of BCDs (h-j) High-resolution XPS spectra of Cls, N1s, and Ols

respectively

TEM micrograph (Figure 3.1.d) showed the size of maximum particles
was in the range of 4-8 nm (Figure 3.1.c). The crystallinity of the BCDs
was displayed by clear lattice fringes seen in HR-TEM images (Figure
3.1.e). However, the diffused selected area electron diffraction (SAED)
pattern in Figure 3.1.c (inset) indicates the poor crystallinity of the
material. In addition to that, a contrast difference was observed between
the particles confirming the doping of Au and Ag, which was further
supported by EDAX results suggesting the presence of Au and Ag in
BCDs. ICP-OES analysis was performed to determine the Au and Ag
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doping in the BCDs nanoparticles. The results show the presence of Ag
and Au, 11.5272 mg L and 0.1019 mg L™ respectively. In the XPS
spectra of BCDs, the prominent peaks of C1s and O1s and less intensity
peak for N1s are found. However, no peak for Au or Ag was seen (Figure
3.1.g-j). From XRD and SAED, we can conclude that the BCDs are
amorphous particles with some crystallinity, as confirmed in many

previous reports of carbon dots [62].

3.2.2 Optical properties of BCDs

To determine the optical properties of BCDs, UV-Vis spectroscopy and
fluorescence spectroscopy were performed. As shown in figure Figure
3.2.a (curve Abs), the aqueous solution of BCDs shows a typical
absorbance peak at 340 nm. This peak emerges due to the n-7* transition
at the edge of carbon lattice and occurs because of the energy transfer
between carbon band and dopant present within carbon lattice [63]. Such
longer wavelength UV peaks generally arise due to the surface
functionalization of carbon dots [64]. The bright blue fluorescence coming
from a light-yellow colored solution of BCDs could be visualized with
naked eyes when irradiated with UV light (365 nm) using a
transilluminator (Figure 3.2.a (inset)). The maximum fluorescence
emission was observed at 427 nm (Figure 3.2.a (Emission)) with excitation
maxima at 360 nm (Figure 3.2.b (Excitation)). Such strong emission is
observed when the surface state traps the excited state energy [65]. As
illustrated in (Figure 3.2.b), the BCDs showed excitation-independent
emission behavior. A slight red shift was seen from 427 nm to 433 nm
when the excitation wavelength increased from 360 nm to 380 nm;
however, at the same time, fluorescence intensity was decreased
drastically. This behavior could be explained based on monodispersity and
surface adsorbed functional groups [66]. Moreover, the uniform
crystalline core shown in the HR-TEM image with very few surface layers
could also be the reason behind the excitation-independent emission
behavior of BCDs [67]. The average lifetime of BCDs was evaluated as
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10.1 ns using a 375 nm diode laser in TCSPC, for which data is fitted to a
three-exponential function. This significantly long lifetime makes BCDs
the desired candidate to be used as a nanoprobe for fluorescence lifetime

imaging in many diagnostic applications [68].
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Figure 3.2. Photophysical characterization of BCDs (a) UV-vis absorption
spectrum, excitation spectrum, and emission spectrum of BCDs. (Right inset)
BCDs solution under visible light and UV light (360 nm), (b) Emission spectra of
BCDs obtained with varying excitation wavelength (c) TCSPC (d) Stability of
BCDs at various temperatures (e) Stability of BCDs under UV irradiation for 120
min (f) Stability of BCDs with varying NaCl concentration.

3.2.3 Fluorescence stability of BCDs

The carbon dots have the dual ability to accept electrons and donate
electrons responsible for the quenching of fluorescence owing to the
transfer of an electron between analyte and carbon dots. The highly water-
soluble BCDs were checked for their sensing response towards
nitroaromatic compounds. A solid optical response was observed in the
presence of picric acid. The fluorescence of BCDs was “turned off” with
the addition of picric acid in the range of 0 uM - 500 uM. There is a
gradual decrease in fluorescence intensity with the addition of picric acid

as shown in (Figure 3.3.a).
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Figure 3.3. (a) The fluorescence spectra of BCDs with different
concentrations of picric acid in the linear range (0 uM — 150 uM). (b)
The
concentrations of picric acid. (c) Sensing response time of BCDs for
picric acid (d) Images of an aqueous solution of BCDs alone (control)

and after the addition of picric acid (100 uM - 500 uM) captured using a

linear

UV transilluminator (365 nm).

The fluorescence was decreased to 98.72% with 500 uM of picric acid.
The fluorescence quenching efficiency was consistent with a picric acid
concentration range from 0 uM-150 uM as depicted in (Figure 3.3.a). A
perfect linear correlation was found between F/Fo and the concentration of
picric acid, which is typically described by the linear correlation equation
F/Fo= 0.0049+0.993 [C], where C is the concentration of picric acid as
shown in (Figure 3.3.b). The correlation coefficient (R?) was found to be
0.99. The limit of detection (LOD) was calculated and found to be as low
as 46 nM with signal to noise (S/N) ratio of 3. The loss of fluorescence

was visible upon serial addition of picric acid under UV transilluminator

plot shows the
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(365nm) shown in (Figure 3.3.d). The ideal incubation time for picric acid
sensing was determined by observing fluorescence spectra of BCDs after
the addition of picric acid. After 10 s of incubation, a stable fluorescence
was recorded, as shown in (Figure 3.3.c); therefore, a concise time, i.e., 10
s, was chosen as the incubation time required for picric acid sensing. This
observation concludes that this method of picric acid sensing using BCDs
is expeditious. The performance of this sensor has been compared with
earlier reports in Table 3.2. It is essential to mention that under the varying
pH (1-12), the sensing ability of BCDs has not been hampered (Figure
3.4.e). The neutral pH, the pH of deionized water, has been selected as the
optimal pH for performing all the experiments. Similarly, varying
temperature conditions from 15 °C to 70 °C did not affect the sensing
ability of BCDs (Figure 3.4.f). At low temperatures (15 °C), there is a 10%
increase in fluorescence intensity. However, the fluorescence intensity
decreases by 15% at high temperatures (70 °C), but the relative
fluorescence quenching after adding 100 puM of picric acid is the same in
all conditions. So, we have chosen room temperature as the optimum

temperature for performing all the sensing experiments.

3.2.4 Selectivity of BCDs towards picric acid detection and sensing
mechanism
The selectivity of the proposed sensor was checked by observing its
fluorescence behavior towards various analytes, which are picric acid, 3-
nitrotoluene (3-NT), 2,4-dinitrotoluene (2,4-DNT), aniline, 4-idoaniline
(4-1A), nitrobenzene (NB), ortho-nitrophenol (o-NP), 4-nitrotoluene (4-
NT), and 3-nitroaniline (3-NA) using the concentration 200 uM of each. It
is clear from (Figure 3.4.a) that none other than picric acid from the above-
mentioned analytes could quench fluorescence effectively. The quenching
happened due to strong hydrogen bonding and n—n* interaction between
the hydroxyl group of picric acid and electron-rich moieties on the surface

of BCDs [69]. Moreover, there is a clear overlap between the emission
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spectrum of BCDs and the absorption spectrum of picric acid (Figure
3.4.b); no such overlap was seen with any other analyte’s absorption
spectra which makes BCDs a selective sensor for picric acid (Figure
3.4.d).
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Figure 3.4. (a) Fluorescence quenching efficiency (Fo-F/ Fo) of BCDs
after various nitroaromatics and aromatic addition. Fo and F are initial and
final fluorescence intensities, i.e., without and with multiple
nitroaromatics and aromatic, respectively. (b) The absorption spectra of
picric acid overlapped with excitation and emission spectra of BCDs. (c)
Stern-Volmer plot for picric acid (d) Overlap between the absorption

spectra of other nitro and aromatic analytes and the excitation and
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emission spectra of BCDs (e-f) Effect of pH and temperature on sensing

of picric acid using BCDs

Furthermore, the fluorescence quenching efficiency was measured using
Stern—Volmer (SV) equation no. 1.

lo/I= K&[C] + 1 1)
lo represents the fluorescence intensity of BCDs alone, whereas | denote
the fluorescence intensity of BCDs after the addition of picric acid. Ksy is
a quenching constant (M), and [C] is the molar concentration of analyte
(picric acid). In the SV plot (Figure 3.4.c), the graph was linear at lower
analyte concentrations but started to deviate from linearity with increasing
analyte concentration. The nonlinear response of the SV plot is suggestive
of the energy transfer process or self-absorption between BCDs and picric
acid. The direct fitting of the plot was used to calculate the quenching
constant (Ksv), which was calculated as 1.358x10* M,

To further investigate the mechanism behind BCDs’ “turn-off” behavior in
the presence of picric acid, the optical properties of both picric acid and
BCDs were studied precisely. By looking at the overlapping of absorbance
spectra of picric acid and excitation and emission spectra of BCDs, the
phenomenon behind fluorescence quenching was expected to be either
fluorescence resonance energy transfer (FRET) or inner filter effect (IFE)
[24]. TCSPC was performed for the BCDs solution in the presence and
absence of picric acid to investigate further. The average lifetime was
reduced from 10.1 ns to 9.94 ns after adding picric acid shown in Figure
3.5.a. The slight change in the fluorescence lifetime after the addition of
picric acid indicates that the quencher is not making any chemical bonding
or forming any new complex with the fluorophore. The liquid (picric acid)
binds directly with the fluorophore (BCDs) at the ground state and
exhibits static quenching. The fluorophore and the quencher react
chemically to form an intermediate product responsible for fluorescence

quenching in FRET. So, the observation leads to the inclination sensing
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mechanism towards IFE. The use of fluorophore and quencher without the
formation of any chemical linking between them makes this sensor
simpler and more flexible [70,71]. Additionally, when the absorbance
spectrum of picric acid after the addition of BCDs was observed, it only
showed the enhancement of absorbance value, but no new peak was seen
(Figure 3.5.b). It represents the fact that no new chemical complex is
formed after mixing of picric acid and BCDs i.e., they are not reacting
chemically. The completely coincided absorption spectrum of picric acid
with the excitation spectrum of BCDs, which further extended to the
emission spectrum of BCDs, also makes strong evidence for the self-
absorption process, i.e., IFE as the primary phenomenon responsible for

fluorescence quenching (Figure 3.5.c) [72].
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Figure 3.5. (a) TCSPC data of BCDs before and after addition of picric
acid (b) UV-vis absorption spectra of BCDs, Picric acid, and



BCDs+Picric acid (c¢) Schematic illustration of sensing mechanism of

BCDs for picric acid sensing.

3.2.5 Detection of picric acid in tap water

The reliability of this analytical sensor for real-time applications was
checked using tap water from the laboratory. As expected, a synthesized
fluorescent probe detected no picric acid in tap water. Further, water
samples were prepared by adding different concentrations of picric acid,
and a recovery test was performed. The recovery of picric acid was in the
range of 93-97%, with a standard deviation less than 2, as shown in Table
3.1. The excellent recovery rate with accuracy and reliability showed the

application potential of BCDs sensor to be used in real samples.

Table 3.1. Picric acid sensing in water samples (n=3)

Sample Claimed Found Recovery
Concentration | Concentration (%) SD
(LM) (M)
1 0 NF”
2 20 18.75+0.14 93.75 0.28
3 40 39.28+0.26 98.2 0.53
4 60 57.91+0.53 96.51 1.07

* Not found

3.2.6 Visible light-activated anti-bacterial activity of BCDs

To demonstrate the anti-bacterial activity of BCDs, E.coli (DH5a) was
used. The optical density measurement method (OD600) was utilized to
verify BCDs' photo-activated bacterial cell growth inhibition. The results
shown in (Figure 3.6.a) revealed the considerable effect of BCDs with
light irradiation on E.coli cells. The growth of cells treated with BCDs

alone was inhibited compared to control cells. However, the light exposure
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further enhances BCDs’ antibacterial nature, confirming the photodynamic
antibacterial activity. To determine the use of as prepared antibacterial
agent in-vivo, cellular toxicity caused by BCDs was studied using MCF-7
cells. However, the non-biocompatible nature of BCDs (Figure 3.6.b)
renders its application for in-vitro use only. The silver nanoparticles have
been explored extensively for their antibacterial activity [73], and doping
of antibacterial silver ions plays a role in bacterial killing by BCDs, which
get enhanced after photoactivation via the formation of 102/ROS. The gold

nanoparticles have been used in photodynamic therapies lately [74,75].
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Figure 3.6. (a) Growth curves of E. coli cells after treatment with BCDs
in light and dark conditions, obtained by measuring OD at 600 nm after 30
min interval. (b) Cytocompatibility of BCDs using MCF-7 cell line for 24

h (c) Mechanism of antibacterial activity of BCDs with light irradiation.

The photoinduced bactericidal activity is attributed to doping of BCDs
with Au. When the carbon dots absorb light, electrons jump from the
valence band to the conduction band, which leads to the generation of
electron-hole pairs (Figure 3.6.c). These electrons react with available
surface-bound Oz, whereas holes as oxidants react with OH™ present in the
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system and lead to hydroxyl radical formation [76,77]. The ROS binds
with DNA, RNA, and cellular proteins and damages cells' essential
components, proving lethal for bacteria growth [76-78]. In addition to
that, because of the illumination of light, the BCDs damage the bacterial

cell structure and deform their bacterial membrane.

3.2.7 Determination of photo-biocidal nature of BCDs

The surface functionalized carbon dots with very high fluorescence
quantum vyield exhibited photo-toxicity to cells [79-82]. The graphene
guantum dots were first studied for photo-induced toxic behavior [79]. A
scavenger test using DPBF was performed to check the generation of 1O,
by light irradiation. The O, generated by BCDs upon photoirradiation
reacts with DPBF, which results in decreased absorbance at 414 nm with
each exposure. The data collected after light exposure with 5-sec intervals

were plotted and shown in (Figure 3.7.a).
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Figure 3.7. (a) The decrease in absorbance after visible light irradiation (5
sec) of DPBF in the presence of BCDs. (b) The linear relationship
between light exposure time in the presence of BCDs and the absorbance

of DPBF was measured at 414 nm.

The periodic decrease in absorbance value inferred photo-induced singlet
oxygen generation by BCDs in DCM. This result stipulates that cell death
occurred because of ROS produced through photo-activation of BCDs.
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Furthermore, Au and Ag’s nanoparticles have already shown enough

potential for antibacterial activity; thus, doping of these elements in

carbon dot lattice may produce a more synergistic effect to suppress

bacterial growth and improve the overall antibacterial activity of BCDs

[83,84]. The results produced here were in accordance with previous

literature and provided many potentials to fabricate novel photo-biocidal

materials to eradicate pathogens from different surfaces to different people
[76,80,82,85].

Table 3.2. A comparison between the reported fluorescent sensors based

on CDs and the sensor reported in the present study for detection of Picric

acid
Material QY LOD 4 Average Other Ref.
K. (M) i .
sv lifetime | Application
NS-CQDs | 53.19% 0.24uM - 4.78 ns - [86]
CDs 12.6% 5.37 - 8.65 ns - [87]
ng mL?
C-dots 33.81% 30 nM. 3.86 x 104 5.38 ns - [88]
CDs ~50% 12 nM - - - [89]
CNDs NA 0.36 uM 1.30x10° - - [7]
Cdot-PPy 0.04% 32 ppb - - - [90]
P-CDs 3.8% 82 nM - 2.487 ns - [91]
N-CDs 41.4% 0.041 - 2.79 ns - [92]
umol L
C. dots 9.5% 3.86 nM 1.08x10° 2.72 ns Bilirubin [24]
Detection
CDs 18.67% 10 nM - - - [93]
CNPs 19.8% 0.25 uM 3.18x10* - - [94]
NS-CQDs | ~37.8% 0.22 uM | 0.03 x 108 9.40 ns - [69]
C-dots 12.6% 51 nM - 3.95 ns - [59]
N-CDs 11.22% | 0.046 uM 0.05% X 6.38 ns - [95]
10
C-dots 26.8% 58.5 nM 2.8 x 10 2.57 ns - [72]
BCDs 50% 46 nM 1.358x10* 10.1 ns Anti- Present
bacterial work
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3.3. Conclusion

In conclusion, the bimetallic doped carbon dots (BCDs) were prepared by
a one-pot hydrothermal method. The synthesized carbon dots exhibit an
excellent quantum vyield of 50% with excitation-independent emission
behavior, excellent aqueous solubility, and excellent photo and thermal
stability. These carbon dots further act as a superb fluorescent probe for
picric acid detection in an agueous medium. The detection process is
simple, selective, and reliable based on IFE and electron transfer between
carbon dots and picric acid with a notable LOD 46 nM and quenching
constant (Ksv) 1.358x104 M. These carbon dots were also checked for
their antibacterial activity against gram-negative E.coli, and results
showed the photoactivation of carbon dots with visible light for
consequential bactericidal function. So, the present work paves the
pathway for using heteroatom doped carbon dots for comprehensive
sensing applications and their potential use in microbial elimination

applications.
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3.4. Experimental

3.4.1. Materials

All the analytical reagent grade chemicals used to prepare carbon dots and
sensing were procured from Merck and Sigma-Aldrich. No further
purification was done. Deionized water (DI) of the Sartorius milli-Q

system was used for all the experiments.

3.4.2. Instruments

Rigaku, RINT smart lab 2500 V X-ray diffractometer was used for
performing X-ray diffraction (XRD) with Cu Ko radiation (1.5406 A).
The UV-visible spectroscopic studies were performed using Varian Cary
100 Bio  UV-visible  spectrophotometer.  The  fluorescence
spectrophotometry was carried out using a Fluoromax spectrofluorometer.
Bio-Rad FTS 3000MX instrument was used for recording IR spectra
(4000-400 cm™). FEI Tecnai G2- F20 Transmission Electron Microscope
captured TEM images. Elemental mapping was done on an EDAX Octane
Elite TW 55 Energy Dispersive Spectroscopy (EDS) instrument. Time-
correlated single-photon counting (TCSPC) data were recorded for
fluorescence lifetime studies using the TCSPC system model-Fluorocube-
01-NL. The adsorption was recorded for MTT assay using Synergy H1
Biotek microplate reader. LabRAM HR (UV system) was used for Raman

spectroscopy measurement using a 785 nm laser source.

3.4.3. Synthesis of bimetallic carbon dots (BCDs)

Bimetallic carbon dots were synthesized through the traditional
hydrothermal method. First, 4 g citric acid was added to 20 ml of DI
water. In the next step, all the other chemicals (28 mg of HAuCl4, 10 mg
of AgNOgz, 500 mg Bovine serum albumin, and 80 mg of Urea) were
weighed and added to the aqueous solution of citric acid. Sonication of the
mixture was done for 10 min for homogenous dispersion of all the

ingredients. The solution so formed was poured into a Teflon coated
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autoclave. The autoclave was kept in the furnace at 180 °C for 4 h for
hydrothermal carbonization. After cooling at room temperature, the final
suspension was centrifuged, which helped remove any solid remains. The
remaining clear solution was lyophilized. The sticky lyophilized product
was weighed and re-suspended to form a yellow-colored solution using DI

water for further use.

3.4.4 Quantum yield

The procedure is recommended in the manual by HORIBA Jobin Yvon
IBH Ltd. "A Guide to Recording Fluorescence Quantum Yields" [43] was
referred for calculating Quantum Yield. Following equation (2) was used
to calculate BCDs’ fluorescence quantum yield (®F). 0.1M H2SO4 was
used to dissolve quinine sulfate to be used as standard with a quantum
yield of 0.54 [44,45]

DF=Px So/Sstx Ast/ AsXN%s/N%st 2)
®F and @ are the quantum yield of the sample and standard respectively,
the absorbance of the standard and sample are ascribed to Ast and As at
their respective excitation wavelength. The integrated fluorescence
intensity was plotted against the absorbance of the standard for calculating
the slope of standard Sst and the slope of sample Ss at various divergent
concentrations. The refractive index of solvent for standard and the sample

were represented as nst and ns respectively.

3.4.5 Detection of 2,4,6-trinitrophenol (picric acid) and selectivity
studies

A dispersed aqueous solution of BCDs was prepared according to a
typical photoluminescence (PL) studies procedure. Further, in a 1 cm
quartz cuvette, 3 mL of the prepared aqueous solution was poured into,
recording the fluorescence response in the range of 370—730 nm upon 360
nm excitation. The maximum attained intensity was set as control (Fo).

Nitroaromatics solution (10 mM) was prepared afresh for sensing studies.
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The spectra of BCDs solution after adding different nitroaromatic were
recorded at Aex. 360 nm excitation. The experimental conditions were kept
the same for all the studies. Fluorescence response kinetics of BCDs were
studied using lifetime decay data recorded at TCSPC system and analyzed
using IBH DAS 6.0 software [22]. The reduced x-square (x2) value was
used to investigate fit value, and fluorescence lifetime decay was
measured using the iterative reconciliation method. The decay values were
fitted with a three-exponential function by utilizing equation no. 3.

F(t) =X ai exp(—1/ti) 3)
Here, F(t) represents the fluorescence decay (normalized), o denotes the
amplitude of the decay component t. Whereas the average lifetime was
calculated by utilizing equation no. 4.

{t} = Zairi 4)

3.4.5 Cytotoxicity and antibacterial studies

Biocompatibility of BCDs was checked using MCF7 (Breast cancer cell
line) via MTT assay using (3-(4,5-dimethylthiazole-2-yl) -2,5-
diphenyltetrazolium bromide) [46,47]. Live cells were quantified by
colorimetric analysis. The metabolically active cells reduce yellow
tetrazolium to purple-colored insoluble formazan, dissolved using DMSO,
whose absorbance was recorded at 570 nm. Penicillin/streptomycin
(10,000 U mL 1) and FBS (fetal bovine serum 10% (v/v)) were added to
the growth media DMEM (Dulbecco's modified Eagle medium) to get the
final media to be used for growing cells. The MTT assay was performed
using 96 wells plate, and each well containing 100 uL of DMEM was
seeded with 1x10* cells. The optimum condition for cell growth was
attained using an incubator where cells were kept at 37 °C under a 5%
CO2 humidified atmosphere for 24 h. The assay was performed using
various concentrations of BCDs in triplicate. The media containing BCDs
was replaced after 24 h with fresh media containing MTT (0.5 mg mL™)

and kept in an incubator for 4 h to form purple formazan crystals. DMSO
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(100 pL) was used to dissolve the insoluble formazan crystals, and
absorbance was measured at 570 nm. The percent cell viability was
calculated using equation no. 5, written below.
%CellViability=Absorbancesampie)y/ Absorbancecontroryx 100 (5)
All the labware was autoclaved for 15 min at 121 °C to maintain sterile
conditions for antibacterial studies. Escherichia coli (E.coli DH5a) was
cultured in Luria broth at 37 °C under continuous shaking at 120 rpm in an
orbital shaker and harvested through centrifugation when the exponential
growth phase reached. The optical density of the resuspended bacterial
pallet in PBS was measurements at 600 nm (OD600), and the OD was
adjusted to 0.1 using PBS to make a fresh inoculum. The 10 uL inoculum
was added to 5 mL of fresh Luria broth for performing further
experiments. The control was kept under optimal bacterial growth
conditions; the other group belonging to the only light group was visible
light (400-700 nm) irradiated bacteria for 30 min before incubation, the
third group was the bacteria treated with BCDs (200 pug mL™) and
incubated in the dark, whereas the fourth group was bacteria treated with
BCDs (200 pug mL™?) irradiated using visible light lamp (400-700 nm) for
30 min and then incubated. All the experiments were performed in
triplicates. Absorbance was measured at 600 nm after 30 min intervals up
to 240 min.

3.4.6 DPBF assay for singlet oxygen (*O2) measurements

1, 3-diphenylisobenzofuran (DPBF) was used for estimating the singlet
oxygen (*Oz) spawning ability of BCDs [48]. The 1O, generated after
irradiation of BCDs using a visible light (400-700 nm) taken up by DPBF
results in decreased absorbance value [49]. DPBF solution (3x10° M) was
used, into which BCDs were added, and the whole mixture was exposed to
light. The absorbance was measured using a UV-Vis spectrophotometer at
414 nm after 5 sec light exposure till 150 sec.
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CHAPTER 4

Doxycycline Detection and Degradation in
Aqueous Media via Simultaneous Synthesis of
Fe-N@Carbon Dots and FesOs;-Carbon Dot
Hybrid Nanoparticles: One Arrow Two Hawk

Approach

4.1. Introduction

Bacterial infections have been controlled effectively since the innovation
of antibiotics. The versatile broad-spectrum antibiotics such as
tetracyclines are gaining more and more interest in recent years due to
their use in different areas such as human disease control, aquaculture,
livestock, veterinary medicine, and to enhance animal growth [1-3]. The
improved use of these antibiotics leads to increased concentration of drug
residues in wastewater as 70-80% of the administered drug is either
defecated or urinated [2, 4], so the effluents from animals or humans are
presenting antibiotics to the environment up to a greater extent [5]. Due to
the higher concentration of pharmaceuticals in water systems, the arising
issues are a substantial global environmental concern [6, 7]. The drug
residue in the aquatic system can cause genetic variation in
microorganisms that may lead to drug resistance [4]. The gene exchange
between agricultural or soil microorganisms and bacteria of clinical
interest gives rise to drug resistance in pathogens, leading to the inception
of superbugs [8]. So, removing pharmaceuticals from wastewater is the
research area of utmost importance. To take the edge off toxicity and
propagation of genes responsible for antibiotic resistance, the wastewater
contaminated with antibiotics should be fairly decontaminated before

letting it out into the natural surroundings. Various methods were
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implemented, such as electrolysis, electrocoagulation, microalgal-
decomposition, reverse osmosis, adsorption, ion exchange, membrane
filtration, degradation, ozonation, etc. [9-13]. The shortcomings of
conventional waste-water treatment methods were overcome by advanced
oxidation technologies, among which Fenton oxidation technology is
widespread for treating organic pollutants [14, 15]. The increased
environmental availability of antibiotics jeopardizes the health and well-
being of humans and poses a non-intended threat to other organisms as
well [16]. The overuse of doxycycline and the inability to obey the
withdrawal period in animals is the foremost reason for antibiotic residue
in edible products like eggs, meat, and milk [17]. The intake of
doxycycline-contaminated animal products leads to unintentional
bioaccumulation of doxycycline that may cause profound adverse effects
on human health such as liver problems, teeth damage, bowel diseases,
and anaphylaxis [18]. This makes the determination of doxycycline
residue essential, and the method that can determine doxycycline even in
animal products such as milk has excellent potential in the sensing field.
Various conventional methods are available for doxycycline sensing, such
as high-performance liquid chromatography, liquid chromatography-mass
spectrometry (LC-MS), electrochemistry, electrophoresis, surface plasmon
resonance (SPR), microfluidic, etc. [17, 19-22]. Among these methods,
many give highly accurate and reliable results. However, the requirement
of high-priced instrumentation, specialized skill, tedious sample
preparation, and long operation time limit their use and application. On
that account, establishing plain, low-cost, and rapid inquisitive methods
for doxycycline sensing would be worthwhile. Herein, to combat both the
issues of doxycycline sensing and its degradation, we report for the first
time the novel synthesis condition for synthesizing iron-nitrogen co-doped
carbon dots (Fe-N@CDs) and iron oxide nanoparticles-carbon dot hybrid
(FesO4-CDs) together. The “Fe-N@CDs” were used for doxycycline
detection and “Fe30s-CDs” for degradation. Fe-N@CDs selectively
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detected doxycycline with a meager detection limit (LOD) and also
detected them in milk samples. Similarly, the other formed product, i.e.,
Fe304-CDs, degrades doxycycline within 5 mins in the presence of shear
forces applied by a home-based kitchen blender for the first time, thus
making this system an outstanding prospect in the field of food and

environment safety.
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4.2. Results and discussion

The Fe-N@CDs (supernatant) and FesOs-CDs (settled powder) were
synthesized after hydrothermal reaction following the method mentioned
above. The formation of Fe-N@CDs occurred because of hydrothermal
carbonization, whereas FesOs-CDs formation occurs because of both
oxidation and reduction of Fe*. The detailed synthesis strategy for
forming both Fe-N@CDs and Fe3O4 NPs is shown in Scheme 4.1. In the
following subsections, first Fe-N@CDs detailed characterization and its
sensing behavior towards doxycycline are discussed, followed by Fe3Ous-
CD’s detailed description and their applicability in degrading doxycycline.

o~

Ethylenediamine \

180°C for 12 hrs

i. Mixing solutions of
FeCl, and Citric acid and
sonication for 10 min.

ii. Hydrothermal treatment

iii. Cooling down and
centrifugation to
separate supernatant
and pellet.

Fe3°4'cns

Scheme 4.1. Schematic illustration of the preparation of Fe-N@CDs and
Fe304-CDs.
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4.2.1. Structural, Morphological, and Surface Characterization of Fe-
N@CDs

The Fe-N@CDs formed were fluorescent, having a QY value of around
47%. The plausible formation mechanism of Fe-N@CDs involved
hydrolysis of citric acid (carbon precursor) at a very high temperature (~
180 °C) followed by dehydration. Afterward, the carbon nuclei emerged
by condensation and polymerization due to increased temperature. These
carbon nuclei grew with temperature rise and reached a point where more
growth led to their bursting, resulting in the formation of Fe-N@CDs (Hu
et al., 2015, [26]. The HR-TEM images of Fe-N@CDs showed typical
spherical particles, as shown in Figure 4.1.a-b. having a size in the range
be 3.0£0.5 nm shown in Figure 4.1.c. The diffused SAED pattern
revealed the poor crystallinity of the material Figure 4.1.c(inset). The
PXRD spectra of Fe-N@CDs in Figure 4.1.d showed a signature broader
hump at 260=24.82°, indicating the formation of carbon dots [27]. The FT-
IR spectrum of Fe-N@CDs is demonstrated in Figure 4.1.e offered a very
strong band at 3356.32 cm™ characteristics to the O-H stretch of the
hydroxyl group. A comparatively weak band at 2131.03 cm™ was also
seen, attributing O-H stretching of the carboxyl group [27, 28]. At the
same time, the stretching vibration of C-H has been seen at 2930 cm
[29]. The stretching vibration of primary amines gives rise to a strong
peak at 1579 cm™. The phenolic OH bending was visualized at 1318 cm™
[30]. Another band at 1482 cm™ is also attributed to the phenyl ring [31].
OH, deformations of alcohols happened to form a peak at 1156 cm™ [32].
The peak at 968 cm™, 819 cm™, and 585 cm™ are assigned to the bending
vibration of carbonyl, C-Cl stretch, and Fe-O vibration, respectively [33,
34].
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Figure 4.1. Structural and morphological characterization of Fe-N@CDs:
HR-TEM (a-b), Size distribution histogram (c) with SAED patterns
(inset). Powder X-ray diffractogram (d) and FT-IR spectrum (e).

The presence of different surface functional groups and the elemental
composition of Fe-N@CDs were unraveled by XPS. The XPS survey scan
of Fe-N@CDs in Figure 4.2.a showed signature peaks at 285.2eV,
530eV, 400.5eV, and 713eV, ascribed to C1s O1s, N1s, Fe2p. The high-
resolution deconvoluted spectrum of Cls (Figure 4.2.c) showed three
prominent peaks at 284.7 eV, 285.9 eV, and 288 eV attributed to C-
C/C=C, C-O/C-N, and CONH functional groups [35, 36]. The O1ls
(Figure 4.2.d) deconvoluted spectrum also showed two peaks at 531.2eV
and 533eV for C=0 and C-O [37, 38]. The N1s (Figure 4.2.e) band
contains two peaks at 399.4 eV and 401.1 eV corresponding to C-N and
N-H [37]. The successful doping of Fe in carbon dots was investigated
particularly by XPS (Figure 4.2.b). The peaks at 710.3 eV, 713.6 eV and
725.9 eV attributed to Fe2p3/2 of Fe?*, Fe2p3/2 of Fe**and Fe2pl/2 of
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Fe3* respectively. The XPS spectra confirm the successful doping of both

Fe and N atoms in the carbon lattice.
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Figure 4.2. XPS survey spectrum of Fe-N@CDs (a), The high-resolution
spectra of Fe2p(b), C1s (c), O1s (d), and N1s (e).

4.2.2. Optical Characterization of Fe-N@CDs

The optical characteristics of Fe-N@CDs were determined using UV-Vis
and fluorescence spectroscopy. The distinctive peak at 345 nm (Figure
4.3.a (UV-Absorbance) in the UV-Vis spectrum arises due to the n-n*
transition at the edge of the carbon lattice and occurs because of electronic
transition between carbon and doped atoms. Moreover, the low strength
broad absorbance trail till wavelength 550 nm is ascribed to the surface
states of CDs associated with functional surface groups, giving rise to low
energy sub-band gaps within n-7* bandgap [39]. The aqueous light brown
colored solution of Fe-N@CDs brings about bright blue fluorescence,
visible even with bare eyes on UV light irradiation (365 nm) by making

use of a transilluminator (Figure 4.3.c). The same solution has emission
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maxima at 450 nm (Figure 4.3.a(Emission)) when excited using light of
wavelength 360 nm. Due to functionalization, the surface state leads to
trapping of the excited state energy, which gives rise to strong emission
[40]. Fe-N@CDs showed excitation-dependent emission behavior as
shown in Figure 4.3.b, and maximum emission was achieved at 450 nm
with the excitation wavelength of 360 nm. The excitation-dependent
emission nature with OD carbon dot samples is ubiquitous, and this occurs
because of the presence of different surface state distributions and varied
particle sizes [41, 42].
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Figure 4.3. Photophysical characterization of Fe-N@CDs (a) UV-vis
absorption spectra and emission spectra (b) Emission spectra obtained
with varying excitation wavelength (c) Fe-N@CDs solution under visible
light and UV light (360 nm) (d) Stability of Fe-N@CDs at various pH (e)

with varying NaCl concentration (f) under UV irradiation for 120 min.

Moreover, the polydispersity in size and shape of carbon dots could also
be another factor leading to such behavior of Fe-N@CDs [43]. To identify
the stability of Fe-N@CDs, the related experiments were carried out in
ambient conditions. There is barely any recognizable change in fluorescent
intensities of Fe-N@CDs after UV irradiation for 120 min or after
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treatment with different concentrations of NaCl up to 1M or at different
pH and time (storage up to 60 days), exhibiting the commendatory
stability and forbearance for hypersaline conditions, photobleaching,
acidic and basic pH and prolonged storage time at room temperature
(Figure 4.3.d-f), making them an excellent prospect for technological
relevant systems. It is essential to mention that the Fe-N@CDs retain their
original fluorescence properties ever after storage for months at standard

temperature and pressure.

4.2.3. Ratio-metric Fluorescence Determination of Doxycycline Using
Fe-N@CDs

The FTIR and XPS spectra confirmed the presence of both electrons
donating and electron-accepting functional groups. The excellent
fluorescence behavior of Fe-N@CDs inspired us to explore them as a
fluorescent probe. Fe-N@CDs’ change in fluorescence response was
checked towards various antibiotics, biomolecules, and metal ions to
substantiate this possibility. Interestingly, an appreciable fluorescence
quenching in Fe-N@CDs was perceived selectively in the presence of
doxycycline. The fluorescence intensity of Fe-N@CDs has descended to
almost 50% upon the addition of 40 pg ml?* of doxycycline. In contrast,
after adding 100 pg mL* of doxycycline, the initial fluorescence of Fe-
N@CDs gets decreases by around 80%, as shown in Figure 4.4.a
demonstrating the potential prospect of Fe-N@CDs for doxycycline
detection.
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Figure 4.4. (a) The fluorescence spectra of Fe-N@CDs with different
concentrations of doxycycline in the linear range (0 pg mL™ - 100 pg mL-
1 (b) The linear plot shows the relationship of F/Fo with the concentration
of doxycycline.

After adding 100pg mL™* of doxycycline, the initial fluorescence is
decreased to 80 %. The fluorescence quenching efficiency was consistent
with a doxycycline concentration range from Opg mL™*-100ug mL*? and
excellent linear co-relation between F/Fo and the concentration of
doxycycline, as shown in Figure 4.4.b. The correlation coefficient (R?)
was found to be 0.99. The corresponding limit of doxycycline detection
was calculated as 66 ng mL™? with a signal-to-noise ratio of 3. The
observed data indicated the adequate precision of the prepared nanosensor.
Fe-N@CDs’ quick turn-off response towards doxycycline makes this
method of doxycycline sensing meteoric. The performance of the
synthesized sensor is compared with the recent reports on doxycycline
sensing in Table 4.3.

4.2.4. Selectivity of Fe-N@CDs Towards Doxycycline Recognition and
the Fluorescence Quenching Mechanism

Various target species have been chosen to check the selectivity of the
presented nanosensor. The fluorescence performance of Fe-N@CDs was

observed in the presence of multiple analytes, as shown in Figure 4.5.a.
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Different antibiotics (norfloxacin, linezolid, penicillin, ofloxacin,
cefixime, azithromycin, ciprofloxacin, metronidazole, and ampicillin),
various “medically relevant” metal ions (K*, Na*, SO,*, S*, POs*, Pb?",
CHsCOO", HCOs, Ca?") and several other biomolecules (Vitamin 6,
Vitamin C, tryptophan, D-tyrosine, phenylalanine, creatinine, L-tyrosine,
histidine, thiamine, cystine, and DOPA) (Figure 4.5.b) were chosen for
checking the robustness of as prepared Fe-N@CDs based fluorescent
nanosensors. A substantial change in fluorescence behavior of Fe-
N@CDs was found only with doxycycline. Further, competitive
selectivity studies were also carried out to determine the impact of other
analytes on the sensing behavior of Fe-N@CDs (Figure 4.5.a-b(inset)).
The obtained result showed exceptional sensitivity, selectivity, and

specificity of Fe-N@CDs towards doxycycline.
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Figure 4.5. Selectivity in the sensing response of different antibiotics (a),
metal ions, and biomolecules (b) with Fe-N@CDs (0.5mg mL™ in water).
The competitive selectivity of Fe-N@CDs towards doxycycline in the

presence of other analytes

UV-Vis absorption and fluorescence spectra at different system
temperatures were recorded to get detailed insights into the sensing
mechanism. It has already been reported earlier that whenever any
fluorescent probe shows quenching, it could be static or dynamic. In the

static quenching, there is a chemical interaction between the fluorophore
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and the quencher, which inhibits the formation of an excited state. At the
same time, in dynamic, there is no such interaction between two species
[18]. Figure 4.6.a represents the UV-vis spectra of Fe-N@CDs,
doxycycline, and Fe-N@CDs + Doxycycline. No new peak was observed
in the Fe-N@CDs + Doxycycline spectra, thus manifesting the quenching
was dynamic in nature [44]. The fluorescent behavior was investigated at
different temperatures, and the quenching constant (Ks,) was calculated
using the Stern-VVolmer equation (1).

FolF= st[C]+1 (1)

Table 4.1. Quenching constant (Ksy) at various temperatures

298 0.895 x 104 0.99
310 1.0 x 10 0.98
323 1.15 x 10 0.98

In the above equation, “F” corresponds to fluorescence of Fe-N@CDs at
450 nm, Fo corresponds to fluorescence of Fe-N@CDs after the addition
of doxycycline at 450 nm, K is a quenching constant (M), and C is the
molar concentration of the analyte. As from Table 4.1 and Figure 4.6.b
clear increment in Ky value and slope of Stern-Volmer plot was found
with an increase in temperature. The increment in Ks, with temperature
arises because of enhancement in a molecular collision occurring between
the analyte (here doxycycline) and the fluorophore (Fe-N@CDs) and

takes place specifically with dynamic quenching [44]
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Figure 4.6. (a) UV-Vis spectrum of Fe-N@CDs solution, doxycycline
alone, and the mixture of doxycycline and Fe-N@CDs (b) Stern—Volmer

plots for Fe-N@CDs-Doxycycline combined at different temperatures.

4.2.5. Detection of Doxycycline in Milk Samples

To further authenticate the real-sample condition applicability of as
prepared Fe-N@CDs nanosensor, doxycycline detection was checked in
raw milk as available in the market. The pretreated sample of raw milk
was spiked with different concentrations of doxycycline in the presence of
Fe-N@CDs. The obtained results are summarized in Table 4.2. No
doxycycline was detected in the milk sample alone, suggesting that the
matrix effects had little intrusion on the sensor response. However, in the
presence of Fe-N@CDs, doxycycline was recovered in the ranges from
98%-103% with a relative standard deviation of less than three. The very
low LOD, high precision, and requirement of minimal pretreatment of
actual sample broaden the application of Fe-N@CDs for facile detection

of doxycycline.
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Table 4.2. Doxycycline determination in milk samples (n=3)

2 20 19.91 99.56 2.59

3 30 29.42 98.07 1.03

4 40 41.30 103.2 0.96
“Not detected

4.2.6. Structural, Morphological, and Surface Characterization of
Fes04-CDs

As discussed earlier, FesOs-CDs hybrid NPs were synthesized
simultaneously with Fe-N@CDs. It is believed that FesO4 NPs' formation
occurs because EDA (used for the nitrogen doping in CDs) and
hydrothermal conditions provide an environment to oxidize the iron
precursor, which ultimately leads to nucleation and subsequent growth of
FesOs NPs along with CDs. The role of EDA was justified further by
performing different reactions. In reaction A, everything was kept the
same except the hydrothermal condition; however, reaction B was devoid
of EDA, and reaction C was carried out without citric acid but otherwise
under identical conditions as mentioned earlier in the synthesis of FesOs-
CDs. The results are shown in Figure 4.8.b. Only in reaction C, there is
the formation of FesO4 magnetic nanoparticles, whereas reactions A and B
were failed to produce any such particles. From the TEM image, as shown
in Figure 4.7.b, spherical FesOs NPs are seen with a lattice spacing of

0.33 nm (Figure 4.7.a) and size distribution in the range of 16-22 nm

118



(Figure 4.7.c). Also, the high-resolution TEM image revealed that CDs
were wrapped over the FesO4 NPs, forming a kind of core-shell structure.
The SAED pattern further confirmed the crystalline nature of FesOs-CDs
(Figure 4.7.c(inset)). The HR-TEM images were in line with previous
work on FesOs carbon dot composite; however, in the present work,

Fes04-CDs were synthesized in a single step [45].
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Figure 4.7. Structural and morphological characterization of FesO4-CDs:
HR-TEM (a-b). Size distribution histogram (c) obtained from TEM image
with respective SAED patterns (inset). Powder X-ray diffractogram (d),
FT-IR spectra (e). XPS survey spectrum (f), The high-resolution spectra of
C1s(g), O1s (h), and Fe2p(i).

Furthermore, the PXRD spectra (Figure 4.7.d) showed a signature peak of
Fe3O4 NPs and the data of the PXRD spectrum well matches with JCPDS
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number- 19-0629 indicating the crystalline phase of magnetite [46]. It has
to be mentioned here that possibly because of low content and poor
crystallinity diffraction pattern from Fe-N@CDs didn’t observe [47]. The
FT-IR spectrum of FesO4-CDs recorded in the range of 400-4000 cm™
confirmed the binding of CDs on the FesO4 surface. As shown in Figure
4.7.e, five significant peaks at 3426.19 cm™, 2922.40 cm™, 1644.56 cm
11034.65 cm, and 578.29 cm™ were found, which could accurately be
assigned to O-H stretching of hydroxyl group, C-H stretching vibration,
aromatic C-C, C-N functional groups, and characteristic Fe-O vibration
respectively [33, 48] The XPS survey spectrum (Figure 4.7.f) revealed
the presence of Cls, Ols, N1s, and Fe2p with corresponding binding
energies at 284.8eV 532 eV, 399.8 eV, and 710.8 eV [49, 50]. The high-
resolution spectra of C1s (Figure 4.7.g) have a single peak attributed to
aromatic or graphitic carbon [50]. The deconvoluted spectrum of Ols
(Figure 4.7.h) exhibits two peaks at 530 eV and 531.4 eV. The former
peak appeared for adsorbed oxygen, while later is due to the presence of
hydroxide on the surface of magnetite particles [51]. The peaks of Fe2p3/2
and Fe2p1/2 (Figure 4.7.1) present at binding energies 710.3 eV and 723.8
eV could be deconvoluted into five peaks. The peak at binding energy 709
eV, 710.4 eV of Fe?* and 712.7 eV, 724.8 eV of Fe*" is well in accordance
with previous literature reports indicating the successful formation of
FesO4 nanoparticles [52-55]. Thus, the FT IR and XPS spectrum strongly
supported the presence of CDs on FesO4 NPs, leading to the confirmation

of Fe304-CDs hybrid nanostructure formation.

4.2.7. Magnetic Properties of Fe3O4-CDs

The magnetic behavior of FesO4-CDs was checked with VSM at 300 K.
As shown in Figure 4.8.a; the Fes304-CDs showed a saturation
magnetization value of 29.5 emu/g. Moreover, the obtained result showed
zero coercivity, retentivity, and the absence of hysteresis loop confirmed

the superparamagnetic nature of FesOs-CDs. Because of its significantly
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less size, magnetic character, and presence of CDs (having several high-
affinity surface functional groups), it motivated us to explore them for

degradation/ adsorption of doxycycline.
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Figure 4.8. (a) VSM of Fe3O4 -CDs at room temperature (b) Images of

the samples prepared under different reaction conditions.

4.2.8. Kitchen Blender Assisted Catalytic Activity of Fe3O4-CDs for
the Degradation of Doxycycline

Further, the Kkitchen blender-assisted doxycycline degradation using
FesO04-CDs was investigated. Since Fe-N@CDs have a selective affinity
towards doxycycline by making non-radiative bonding thus, we thought to
explore the other product formed “FesOs-CDs” for its degradation. With
the application of a kitchen blender, the generation of shear forces led to a
decrease in the absorbance value of doxycycline measured at 346 nm as
shown in Figure 4.9.a, and in just after 5 min, around 70.26 %
doxycycline degradation was achieved. It must be mentioned here that the
degradation efficiency can improve by modulating the sheer
force/cavitation time. With control condition, i.e., with only sheer force
application (without FesOs-CDs), mere 11% degradation efficiency was
achieved; however, in the presence of Fes3Os-CDs, the degradation
efficiency was 70.26%, as shown in Figure 4.9.b. Higher degradation

efficiency with Fe3O4-CDs occurs because of the nanohybrid's synergetic
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effect and high shear forces. Moreover, the degradation efficiency of the
present work was compared with other reported work, as shown in Table.
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Figure 4.9. (a) UV-Vis spectra of doxycycline degradation by using
kitchen blender under different time intervals (b) Variation in doxycycline
concentration in solution during shear force-cum cavitation in terms of
C/Co with vibration time (c) Cycling experiment of doxycycline solution
(50 mg 500mL1) by FesOs-CDs. (d) Fluorescence spectra of terephthalic
acid after applying shear force, showing the formation of hydroxyl

radicals by an increase in fluorescence intensity at 425 nm.

The ROS generated on applying shear force could degrade the adsorbed
doxycycline. Hydroxyl radicles were measured using TA. The results
obtained showed the enhancement of hydroxyl radicle on increasing the
time of applied force. The maximum amount of TAOH formed when the

whole mixture was blended for 5 mins. The possible degradation
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mechanism of doxycycline with the application of shear forces in the
presence of Fe304-CDs was also explored. The application of cavitation
force gives mechanical stress to the material, which derives free charge
carriers (" + h*) to the surface. These e  and h* react with OH™ and O>
present in the system to produce ROS ('OH/O.) as described in the
following eq. 3-12.

FesOs+Cavitation cum shear force — ¢ + h* (3)
OH +h"— "OH 4)
O,+e — 0Oy (5)
2e" + 2H"+ Oz — H202 (6)
H,O; +e” +H" — OH + OH (7

In the meantime, reduction and oxidation of ferrous ions takes place

e +Fe** —Fe?t (8)

h*+Fe?* Fe%* 9)

These ions and H2O: in the solution start the Fenton-type pathway, giving
rise to hydroxyl and hydroperoxyl radicals, ultimately degrading
doxycycline (Figure 4.10).

Fe?* + H,0, — Fe** + 'OH + OH- (10)
Fe** +Hy0, + OH" — Fe** + OH.2 + H0 (11)
Doxycycline + ROS ((OH/'O2) — Degradation products (CO2 + H20)

Degradation

4 products

(CO, + H,0)

Figure 4.10. Doxycycline degradation mechanism.
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The cyclic test was also performed to determine the reusability of Fe3Os-
CDs, as shown in Figure 4.11.a-c. The degradation efficiency of
doxycycline up to three cycles were around 70.26%, 62.97%, 60%,
respectively interestingly no significant change in the PXRD pattern of
Fe304-CDs collected after the third cycle was found as shown in Figure
4.11.d, suggesting the excellent recyclable and reusable attributes of
FesO4-CDs and making this hybrid nanosystem a superb prospect for

environmental remediation.
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Figure 4.11. The recyclability of doxycycline by FesOs-CDs (a) First
cycle (b) second cycle (c) Third cycle (d) PXRD pattern of FesOs-CDs

after three consecutive cycles.
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Table 4.3. Comparison of reported Doxycycline sensing methods with this

Material Method of LOD Linearity Range Ref.
sensing
assay
CuNCs Fluorescence 270 nM 1-1000 uM [57]
BiOBr nanosheets Photo- 0.14uM | 0.50 uM to 1 mM | [58]
electrochemical
CDs@MOF(Eu) Fluorescence 0.1665 ng 0-60 uM [59]
mL™!
AOT-AgNPs Chemo-sensing 0.2 uM 0.1 to 140 uM [60]
ZIF-8/NH2-MIL- Fluorescence 1.2pugL™? NA [61]
53(Al)
CDs Fluorescence 16.35 uM 10-1000 uM [62]
Fe-N@CDs Fluorescence 66ngmL | OmgmL*to50 | This
! mg mL* work
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Table 4.4. Comparison of reported Doxycycline degradation methods with

this work
Catalyst Pharma- Conc. Volume Reaction % Methods
ceuticals used time Degradation used
(min) achieved
Ag@LiNbO3/ | Tetracycline | 0.2 10 ml 120 69% Ultra- [63]
PVDF mM sonication
Laccase Chlor- 2mg 1L 120 80% Ultra- [64]
tetracycline sonication
p-n BiOl/ Tetracycline - - 180 73.5% Photo- [65]
Biz04Cl catalytic
Mn-doped Tetracycline, - - 60 98.6 %, Fenton [66]
CeO; Chlor- 97.4%, like photo
tetracycline, 88.1 % catalytic
Oxy- reaction
tetracycline.
Fes04-CDs Tetracycline | 50mg | 500ml 70.26% Kitchen This
blender work
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4.3. Conclusions

In conclusion, the Fe-N co-doped carbon dots (Fe-N@CDs) and iron
oxide carbon dot hybrid nanoparticles (FesOs-CDs NPs) were prepared
simultaneously using the one-pot hydrothermal method. As synthesized,
Fe-N@CDs have the maximum emission at 450 nm with the excitation
wavelength of 360 nm and showed excitation-dependent emission nature.
Moreover, these Fe-N@CDs demonstrated ultra-sensitive and accurate
doxycycline detection in the linear range of 0 mg mL™- 50 mg mL™* and
LOD value of 66 ng mL™. Fe-N@CDs detected doxycycline in milk
samples with excellent recovery. The study also came up with the efficient
degradation of doxycycline for the first time in an aqueous medium using
a simple kitchen blender's shear cum cavitation force with FesO4-CDs
(second product formed with the same reaction). The Fenton-type reaction
is followed for the degradation with excellent recyclability and reusability.
The present work paves a new pathway in low-dimensional material

synthesis with exciting applications in environmental remediations.
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4.4. Experimental section

4.4.1. Materials and instrumentation

The chemicals used for all the experiments were either HPLC grade or
analytical reagent grade. No chemical was purified further and used as
purchased from Merck and sigma-Aldrich. Sartorius milli-Q system was
employed to produce deionized water (DI) used throughout the
experiments. For performing X-ray diffraction (XRD), RINT smart lab
2500 V X-ray diffractometer (Rigaku) was used with Cu Ko radiation
(1.5406 A). The UV-Vis and fluorescence spectra were measured on
Shimadzu UV-1900 spectrophotometer and fluoromax spectrofluorometer.
The fluorescence spectrophotometer set the emission and excitation slit
width at 2 nm in a conventional 1 cm x 1 cm quartz cell. The IR spectra
(400-4000 cm™) were obtained using the Bio-Rad FTS 3000MX
instrument. X-ray photoelectron spectra (XPS) were recorded ESCA,
Omicron Nano Technology. Transmission Electron Microscopy images
were taken with FEI Tecnai G2- F20 Transmission Electron Microscope.
To study the hysteresis loops, vibrating sample magnetometer model no.
Lakeshore VSM 7410S (VSM) was used.

4.4.2. In-situ Synthesis of Fe-N@CDs and Fe304-CDs

Fe-N@CDs and Fes304-CDs were synthesized by the one-pot
hydrothermal method. Firstly, 0.81g of FeCl..6H>O (0.2M) was dissolved
in 15 mL of deionized water. Another solution was prepared by dissolving
1 gm of citric acid in 15 mL of deionized water. Both the solutions were
mixed and sonicated for 10 min, into which 8 mL of ethylenediamine was
added dropwise. The final solution was placed into a Teflon-lined
stainless-steel autoclave, kept at 180° C for 12 h. The resultant solution
was cooled down at room temperature and centrifuged at 6000 rpm for 10

min. The larger particles (FesO4-CDs) were settled down, dried in a tube
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furnace at 80° C for 12 h., and stored for further use, whereas the

supernatant (Fe-N@CDs) is stored separately for other studies.

4.4.3. Quantum yield calculations:

For calculating the quantum vyield (QY), the method described in the
manual by HORIBA Jobin Yvon IBH Ltd. "A Guide to Recording
Fluorescence Quantum Yields" was followed. The equation (12) is utilized
for calculations. The quinine sulfate, which is used as a standard, was
dissolved using 0.1M H2S04, whose quantum yield was found to be 0.54
@y = Dstd X Ssa / Sstd X lstd /sa X Nsa / (12)

@y is referred to QY of sample and ®sqg is QY of the standard, Isw and Isa
denote the absorbance of the standard and sample respectively at their
respective Amax. To calculate the value of the slope of standard (Ssts) and
sample (Ssa), the graph was plotted with x and y coordinates using the
integrated fluorescence intensity and the absorbance at various
concentrations. The nsq and ns, are the refractive indexes of solvent for the

standard and the sample.

4.4.4. Fluorescence Quenching of Fe-N@CDs by Doxycycline and
Selectivity Studies

An aqueous solution of Fe-N@CDs was initially prepared using the
routine procedure followed for fluorescence studies for assessing
doxycycline. To perform fluorescence spectroscopy, a 1 cm quartz cuvette
was used, into which 3 mL of an as-prepared solution of Fe-N@CDs was
poured, and fluorescence was recorded by exciting the sample at 380 nm.
Emission was collected in the range of 390 nm - 550 nm. Next, a
doxycycline solution was made afresh for sensing studies. Different
concentration of doxycycline solution was added to Fe-N@CDs solution;
the spectra of this mixture was recorded at Aex. 380 nm excitation and Aem.
390 nm -550 nm. All the experimental conditions were kept constant
throughout the studies. The selectivity of Fe-N@CDs towards
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doxycycline was checked by introducing various other antibiotics,
norfloxacin, linezolid, penicillin, ofloxacin, cefixime, azithromycin,
ciprofloxacin, metronidazole, ampicillin, metal ions, and other

biomolecules.

4.4.5. Detection of Doxycycline in Raw Milk

The raw milk was procured from a local milk shop. The milk sample for
detecting doxycycline was prepared following the procedure suggested by
Song et al. 25. Briefly, the pH of the milk was lowered to 4.5 by using
trichloroacetic acid. First, the raw milk was diluted 2.5 times using DI
water. Further, 2 mL of 10% trichloroacetic acid was added to 15 mL of
diluted milk and sonicated for 15 min at room temperature. This solution
was centrifuged for 10 min at 12000 rpm to get a clear supernatant
neutralized using 30% NaOH solution and again centrifuged to remove
any deposits. This supernatant was spiked with different concentrations of
doxycycline, and the sensing of same was performed by following the

procedure stated in the previous section.

4.4.6. Kitchen Blender Assisted Degradation of Doxycycline

Typically, 30 mg of Fe3sOs-CDs was added into a 50 mL doxycycline
solution as a model pollutant (50 mg 500 mL™). The solution was stirred
for 20 min to complete adsorption-desorption equilibrium. The solution
was treated with a kitchen blender (500 w) with an operating speed of
20000 rpm. Periodically, 3 ml of aliquot was withdrawn after a 1 min time
interval. The catalyst was separated by centrifugation. The supernatant
was used to test the degradation efficiency using UV-Vis
spectrophotometer by monitoring doxycycline's maximum absorption
peak (Amax) at 346 nm. The degradation efficiency was calculated using the
equation (C/Co x 100%), Where Co and C represent the initial and final

concentrations of doxycycline, respectively.
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4.4.6. Determination of ROS

The ability of FesOs-CDs to generate reactive oxygen species (ROS) on
applying shear force using a kitchen blender was checked using
terephthalic acid (TA). The TA is a non-fluorescent compound that reacts
with hydroxyl radicles and gives 2-hydroxyterephthalic acid (TAOH). The
fluorescence was measured at 425 nm upon excitation with light of
wavelength 315 nm. There is a direct correlation between the increase in
intensity to the amount of hydroxyl radicles present. 0.5 mM terephthalic
acid was used for the experiment under basic conditions. 30 mg of FesOa-
CDs powder was used as a catalyst for the doxycycline solution of 50 mg
500mL. The fluorescence was checked after a time interval of 1 min till 5

min.
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CHAPTER 5
A sustainable fluorescent system for the
delivery of 5-fluorouracil in vitro, Co? ion

detection, and live-cell imaging

5.1. Introduction

Nanomaterials have been studied extensively in recent years for their
outstanding contributions to diagnosis and therapy. Various carbon-based
nanomaterials were used extensively for bioimaging, sensing, drug
delivery, antibacterial activity, photosensitizer, gene delivery, etc. [1-5].
The carbon dots emerge as a robust candidate for the carbon nanomaterial
family and show great potential in theranostics [6-8]. Since the accidental
discovery of carbon dots in 2004, it has been explored for activity in many
applications, from optoelectronics, sensing, exfoliation, catalysis, energy
storage, and environmental remediation to biomedical applications [9-16].
The excellent photophysical properties of carbon dots, and their highly
biocompatible nature, provide it a higher position among the
nanomaterials. Cancer is one of the leading causes of death [17]. Many
cancer patients are still treated by using conventional chemotherapies.
These therapies have multiple problems associated with like drug toxicity
towards normal cells, lesser bioavailability of the drug, drug interaction
with other biomolecules, non-specificity towards a particular type of
cancer cells, etc. [18]. Various problems associated with chemotherapy
can be overcome by using a specially designed drug delivery system [19,
20]. Maximum chemotherapeutic drugs are poorly soluble in water, so
getting them entrapped or paired with an aqueous soluble delivery system
will enhance their therapeutic efficacy.

The easy surface functionalization, resistance to photobleaching, and

remarkable biocompatibility of carbon dots always make it interesting to
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use them as fluorescent probes for bioimaging. Since the discovery of
green fluorescent protein (GFP), it has been utilized as a probe to monitor
biomolecule interactions, localization, and gene expression [21]. But its
inability to resist photobleaching and less fluorescence encourage the
researchers to develop other probes to be used successfully in bioimaging.
The carbon dots are a desirable candidate with physicochemical properties
as imaging agents. The pristine carbon dots could easily be modified to
tune their optical properties and surface functionality for organelle or cell
targeting. Carbon dots' highly fluorescent and biocompatible nature is also
utilized to prepare in-vivo imaging probes. Since its discovery, the
multipurpose carbon dots have also been used for sensing metal ions.
Since then, the specific, selective, fast, and precise detection of metal ions
using carbon dots-based sensors has been a growing area.

In this context, we demonstrate the synthesis of surface factionalized
nitrogen-doped carbon dots as an effective drug carrier, bioimaging agent,
and metal ion sensor. The as-synthesized carbon dots are reported to act as
a carrier of the antimetastatic drug 5 Fluro uracil (5FU) and exhibited
enhanced release in the tumor microenvironment. It helps improve drug
efficacy and lessen the side effect on normal cells compared to
conventional therapies. Therefore, the N@PEGCDs alone and the
association of 5FU with them can serve as a new platform for bioimaging,

sensing, and an intelligent drug delivery system.
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5.2. Results and discussion

5.2.1 Preparation and Characterization of N@PEGCD and 5FU-
N@PEGCDs

The nitrogen-doped carbon dots were obtained using trimesic acid and
PEG as carbon sources and ethylenediamine for nitrogen doping via the
hydrothermal method. The trimesic acid was used due to the presence of
various functionality (-OH and -COOH), and PEG is used to impart
biocompatibility to the product. The nitrogen doping can enhance quantum
yield as well as bring about divergent surface states to improve the
photostability for N@PEGCDs. The light-yellow mixture of precursors
turns to brown color after hydrothermal treatment, evincing the formation
of carbon dots. The hydrothermal treatment was carried out for 12 h at 200
°C to obtain fluorescent N@PEGCDs, as shown in Scheme 1. The
quantum yield (QY) of the N@PEGCDs was calculated to be 43%. The
enhanced QY is resultant of nitrogen doping [22].

S Hydrothermal
Sonlcatlgn Carbonization at
{ For 30 min ) 200°C for 12h
—l :

ey — N

Scheme 5.1. Schematic illustration for synthesis strategy of N@QPEGCDs

As explained in the experimental section, the N@PEGCDs were further
conjugated with 5-FU, an anticancerous drug. The DLE was calculated to
be 52.3%. It is believed that the functional group present on the surface of
N@PEGCDs makes it a desirable candidate to interact easily with 5FU.

The synthesis procedure is shown in Scheme 2.
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Scheme 5.2. Schematic illustration for synthesis strategy of 5FU-

N@PEGCDs.

To mechanism behind the synthesis of N@PEGCDs is demonstrated in
Figure 5.1. The carboxyl group of trimesic acid firstly polymerizes with
an amine of ethylenediamine and hydroxyl group of PEG to form a

polymer through dehydration which further carbonizes and bursts to

produce surface-functionalized fluorescent carbon dots [23].

NH,
2/\/

Polymerization

Figure 5.1. The mechanism of N@PEGCDs synthesis.
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XRD, XPS, FTIR, and UV-vis spectroscopy were carried out to
characterize the formed CDs. In PXRD (Figure 5.2d), the broad hump at
26=21.8° is found, suggestive of the amorphous nature of the material
[24]. The d-spacing was calculated to be 4.0 A which could be assigned to
distorted sp? hybridization [25]. HR-TEM determined the morphology
and size of N@PEGCDs. Most of the particles are spherical with an
amorphous structure, which PXRD also supports. A few particles showed
clear lattice fringes with a spacing of 0.26 nm (Figure 5.2b), suggestive of
the graphite-like structure of formed CDs [26]. The size of CDs calculated
from HR-TEM images ranges from 4.5 nm to 7 nm (Figure 5.2c). The
SAED pattern shown in Figure 2b (inset) also supports the presence of
little crystallinity in otherwise amorphous N@PEGCDs. The functional
group present on the surface of N@PEGCDs was studied by FT-IR, as
shown in Figure 5.2e. The broad peak at 3354 cm™ was attributed to the
stretching vibration of O-H [27], whereas the peak at 2914 cm™ was anti-
symmetric stretching of C-H [28]. Stretching vibration at 1634 cm™ of
C=0 and 1103 cm? of C-O demonstrate oxygen-rich groups on the
surface of N@PEGCDs [29]. The bending vibration of N-H [24] and C-N
[30] was exhibited at 1571 cm™ and 1353 cm™. The FT-IR data confirms
the presence of amine and nitrogen-rich functionality on the surface of
N@PEGCDs. The XPS spectra shown in Figure 5.2f revealed the
presence of two high-intensity peaks at 284.4 eV and 532.4 eV assigned to
C1ls and O1s. Another low-intensity peak present at 398.6 suggested the
presence of N1s in the elemental composition of N@PEGCDs. The
deconvoluted spectra of C1s corresponding to sp® carbon C-N at 285.1 eV,
the presence of C-O at 286.7 eV, and C=0 at 287.8 eV [31-33]. The N1s
high-resolution XPS spectra on deconvolution showed two peaks at 399.4
eV and 401 eV, denoting porphyrin C-N-C and aromatic N-C=0,
respectively [34, 35]. In high-resolution spectra of O1s, the two peaks at
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530.2 eV and 532 eV were ascribed to C=0 and C-OH [36]. The high-

resolution spectra of C1s, N1s, and O1s are shown in Figure 2. g-h.
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Figure 5.2. Structural and optical characterization of N@PEGCDs (a)
TEM (b) HR-TEM (c) particle size distribution (d) PXRD (e) FT-IR (f)
XPS survey scan of N@PEGCDs and 5FU-N@PEGCDs. XPS high-

resolution spectrum for (g) N@PEGCDs: C 1s, (h) N@PEGCDs: N 1s,
(i) N@PEGCDs: O 1s.

The UV-vis spectrum of N@PEGCDs shown in Figure 5.3a reveals the
presence of a shoulder at 286 nm attributed to the n- n* transition of C=C
and C=N. Here, the carbonyl and carboxyl groups are assumed to be
present on the surface of N@PEGCDs; however, the C=C originated from
the polymeric domains situated at the core with sp? hybridization [37]. The
different surface states of N@PEGCDs are also a reason for this shoulder
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near-visible region [38]. The various functional groups present on the
surface of N@PEGCDs is a crucial attribute that makes it a promising
candidate to be used in multiple applications in different areas. For
instance, the functionalized surface of N@PEGCDs was utilized for
interaction with an anticancerous drug, 5FU, which is used to treat solid
tumors. The inset of Figure 5.3a shows UV-Vis spectra of 5FU-
N@PEGCDs along with only 5FU. The drug-CD conjugate of
N@PEGCDs and 5FU display a clear peak at 266 nm, which is the
characteristic peak of 5FU, supporting the fact that 5FU has been loaded
successfully on N@PEGCDs. The successful conjugation of 5FU with
N@PEGCD:s is also confirmed by XPS spectra of the 5SFU-N@PEGCDs
conjugate, as shown in Figure 5.2f. The peak at 683.5 eV was assigned to
F1s [41]. To determine the optical properties of N@PEGCDs,
fluorescence spectroscopy was performed. The results shown in Figure
5.3b indicate the excitation-dependent emission behavior of
N@PEGCDs. This behavior could be explained due to different surface
states, polydispersity, carbon dot mixture, or the formation of aggregates
[39, 40].
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Figure 5.3. Optical characterization (a) UV-vis spectra of N@QPEGCDs.
The UV-spectra of 5FU and 5FU- N@PEGCDs (inset) (b) Wavelength
tuned emission of N@PEGCDs
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5.2.2 Biocompatibility and Bio-Imaging using N@PEGCDs

The biocompatibility of N@PEGCDs was estimated using A375
(melanoma cancer cell line) up to 48 h by treating with concentrations
ranging from 200 pg mL? to 1000 pg mL?t. The results are shown in
Figure 5.4a suggest the high biocompatible nature of N@PEGCDs.
There is more than 85% cell viability even after 48 h. The outstanding
biocompatibility and admirable optical properties make it a favorable
fluorescent probe to be used as a bioimaging agent. On excitation with a
blue laser of wavelength 405 nm, cells show blue fluorescence coming

from the cytoplasmic region.
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Figure 5.4. (a) Cytotoxicity assay of N@PEGCDs (100- 1000 pug mL™)
Bio-imaging of A375 cells using N@PEGCDs (200ug mL™) at 37°C for 6
h.

5.2.3 Fluorescence response of N@PEGCDs towards Co?*ions,
selectivity, and quenching mechanism

The presence of hydroxyl and carboxyl groups on the surface of
N@PEGCDs gives it the ability of metal ion sensing. Interestingly, the
prepared carbon shows an eminent response towards Co?* ions (Figure
5.5a). The carbon dots have a dual ability of electron-accepting and
donating, which is helpful in electron transfer from metal ions to carbon
dots or vice versa. With the increase in the concentration of Co?" in the
system, the fluorescence of N@PEGCDs decreases gradually, and after a

certain amount of Co?* addition, the fluorescence response begins to slow
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down, indicating the ligand sites on the surface of N@PEGCDs get
occupied completely [42]. The N@PEGCDs showed a turn-off response
towards Co?* in the range of 0-1000 uM. An excellent linear relationship
was found between fluorescence N@QPEGCDs and the concentration of
Co?* in the range of 0-550 pM with adj. R? value of 0.98 (Figure 5.5b).
To calculate the limit of detection (LOD) signal to noise ratio was set as 3.
The LOD was 6.8 nm, which is much less than the allowed concentration
of Co? in drinking water (40 ng ml™?) [43]. The initial fluorescence of
N@PEGCDs decreased to 8.5% after the addition of 1000 uM of Co?*

solution.
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Figure 5.5. The fluorescence-based sensing response of N@QPEGCDs (a)
Relative fluorescence intensity with increasing concentrations of Co?* (b)

Linear correlation of concentrations of Co?* with relative intensity.

The selectivity of N@PEGCDs towards Co?* was determined in the
presence of different anions and cations (Sn?*, Cr?*, Co?*, Pb%*, Cd?**, Ag*,
ng+, Bi3+, Ni2+, Na2+, Cu2+, A|3+, Zr4+, Zn2+, Mn2+, K*, B3+, Vvt Ba2+,
Ca?*, CI, I, Se?, SOz%, %, 5:0,>, COs%, POs*, WO4*, M004*, HCOs,
NO2, CH3COO") As results illustrated in Figure 5.6 shows that the
response of N@PEGCDs towards Co?* is maximum among all the metal
ions. The other selected anions or cations exhibit significantly less or no

fluorescence quenching of N@PEGCDs solution. The effect of different
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ions on the ability of N@PEGCDs to sense Co?* was also determined. It
was concluded from the result of competitive selectivity studies in Figure
5.6(inset) that N@PEGCDs are selective towards Co?*, and the presence
of other anions and cations did not affect this property.

I Without Co** [l With Co®*

Figure 5.6. The selectivity in the sensing response of N@PEGCDs
different anions and cations, Competitive selectivity study (inset)

There is evidence in previous studies that could be correlated to the
sensing mechanism of N@PEGCDs. The fluorescence quenching of
N@PEGCD:s is by electron transfer between metal and fluorophore along
with complex formation. The complex formation could be visualized by a
change in the color of N@PEGCDs solution on the addition of metal ions
from light yellow to brown, confirming the interaction between these two
[44]. According to previous reports, this “turn-off” behavior of
N@PEGCDs can be explained by the electron transfer mechanism and

formation of the metal-fluorophore complex [45-47].

5.2.4 In vitro drug release profile, Cytotoxicity, and anticancer
activity of 5SFU-N@PEGCDs nanoconjugate
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Any material used as a drug carrier should have a few qualities such as
reduced cytotoxicity, controlled drug release, real-time monitoring, and
stimulus-responsive delivery. To check the ability of SFU-N@PEGCDs
to act as a drug delivery system, the drug release profile was studied at
two different pH, one is 7.4 physiological pH, and another is 5.4 the pH
around cancerous tumors (Figure 5.7a). The cumulative release of 5FU is
higher at lower pH than physiological pH. This gives the 5FU-
N@PEGCDs delivery system the advantage of releasing more drugs
around the tumor microenvironment. In addition, it could be inferred that
the delivery of antineoplastic agent is in the presence of external stimuli,
i.e., change of pH. The biocompatible nature of N@QPEGCD:s is already
discussed earlier. The biocompatibility of SFU-N@PEGCDs has also
been studied in HEK (human embryonic kidney cells), a standard cell line,
and A375 (melanoma cells), a cancerous cell line for 24 h (Figure 5.7b-c).
The free 5FU was also used to determine the effect of conjugation on the
cytotoxicity profile of the drug. The cell viability declines in normal and
cancerous cells with free 5FU and 5FU-N@PEGCDs nanoconjugate
treatment. However, the toxicity of the free drug is more toward normal
cells than 5SFU-N@PEGCDs nanoconjugate. At the highest treatment
concentration of 8 ug ml?, 20% of the cells treated with free 5FU are
viable, while the viability of 5SFU-N@PEGCDs treated cells is 30%. In
contrast, when the cancerous A375 cells are treated with equivalent
concentrations of free and conjugated drugs, the viability follows dose-
dependent behavior. The drug conjugated with carbon dots kills more
cancerous cells than the free drug. The equivalent concentration of both
free and conjugated drugs kills approximately 70% and 80% of cells. The
results also confirm that the conjugation of N@PEGCDs with 5FU
doesn’t alter its activity. This proposes the substantial prospective of SFU-
N@PEGCDs in cancer treatment because its reduced cytotoxicity towards
normal cells results in decreased adverse effects on patients hence better

tolerance to the drug throughout the course of treatment.
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Figure 5.7. (a) In vitro release profile of 5-FU from 5SFU-N@PEGCDs
nanoconjugate in different pH values. (b) Cytotoxicity results of Free 5-
FU and 5FU-N@PEGCDs to HEK cells (c) A375 cells at different
concentrations for 24 h.

5.2.5 Cellular Interactions and mode of action of 5SFU-N@QPEGCDs
nanoconjugate

It is evident from the previous results that N@PEGCDs were taken up by
the cells. In the case of nanoconjugate, the SFU-N@PEGCDs could also
be taken up by cells and release 5FU there, which kills the cell, or the drug
gets released at the tumor site from 5FU-N@PEGCDs and taken up by
cells which Kkills the cells. In any case, the mode of action of 5FU-
N@PEGCDs for killing the cell was studied through various assays. The
5FU gets intruded into nucleoside metabolism and gets incorporated into
cellular DNA or RNA, leading to the initiation of the apoptotic pathway to
ultimately kill the cell [48]. The signs of morphological changes in nuclei,
blebbing, chromatin fragmentation or condensation, and bi or
multinucleation were investigated by Hoechst staining. The A375 cells
after treatment with 1Cso values of 5FU-N@PEGCDs for 24 h were
stained with Hoechst. The results are shown in Figure 5.8. The nucleus of
non-treated cells are evenly stained, and cells treated with N@PEGCDs
also show similar results, while the 5SFU-N@PEGCDs treated cells show
a change in nucleus morphology. Their condensed and fragmented
chromatin, cytoplasmic blebbing, and multi-nucleation are comparable to

positive control.
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Figure 5.8. Confocal microscopic analysis of A375 cells treated with
N@PEGCDs and 5FU-N@PEGCDs along with positive and negative

controls.

The reduced cell migration is another measure chosen to check the
antiproliferative action of any drug or complex. The cell migration
assay/wound healing assay was carried out using the A375 cells described

earlier. The cancer cells invade neighboring tissues through migration
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which occurs due to the action of many genes [49]. Many anticancerous
drugs target these genes to inhibit the spread of metastatic cells from one
organ to another. Figure 5.9 depicts the delayed wound closure in the cells
treated with SFU-N@PEGCDs. In negative control and N@PEGCDs,
treated wounds heal almost 100% after 48 h, while approximately 45% of
the wounded area remains in 5FU-N@PEGCDs treated cells. So, it could
be inferred that the S5FU-N@PEGCDs suppress cell migration

considerably.
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Figure 5.9. The wound-healing assay with the treatment of N@PEGCDs
and 5FU-N@PEGCDs (e) Graphical representation of % wound area

remains from close at 0-48 h.

Chemotherapy often leads to the formation of reactive oxygen species
(ROS), which could cause cell death through apoptosis. The treatment of
cells with 5SFU-N@PEGCDs can also generate ROS in the treated cells.
The generated ROS were determined by DCFDA assay. The enhancement
of fluorescence in the treated cell is a clear indication of the presence of
ROS, as shown in Figure 5.10. It further supports the assumption of cell
death by apoptosis after 5SFU-N@PEGCDs treatment.
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Figure 5.10. The confocal images of A375 cells after treatment with
N@PEGCDs and 5FU-N@PEGCDs and stained with DCFDA.

To dissect the apoptotic signaling pathway, we investigated the effects of
N@PEGCDs and 5SFU-N@PEGCDs on apoptotic proteins in A375 and
HEK cell lines by Western blotting. The apoptotic mitochondrial events
are regulated by members of the Bcl-2 family of proteins [50]. Anti-
apoptotic protein Bcl-XL is a member of the Bcl-2 family. It is a major
transmembrane molecule of mitochondria that prevents apoptosis by
blocking the release of mitochondrial contents like cytochrome C into
cytosol; therefore, its expression was expected to be downregulated in
apoptotic cells. As anticipated, the expression of anti-apoptotic protein
Bcl-XL was down-regulated in 5SFU-N@PEGCDs treated cells (Figure
11). Next, we investigated the effects of N@PEGCDs and 5FU-
N@PEGCDs on a pro-apoptotic protein Poly (ADP-ribose) polymerase
(PARP), which is involved in the repair of DNA damage. Therefore,
cleavage of PARP by caspase-3 will inhibit the DNA repair mechanism

leading to apoptosis [51]. Apoptosis was induced by exposing the cells to
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5FU-N@PEGCDs treatment and confirmed by observing the cleavage of
the PARP molecule to the characteristic 89 kDa C-terminal fragment.
Together these results suggest that SFU-N@PEGCDs induce PARP

mediated apoptosis.
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Figure 5.11. Western blot using protein extracted from A375 cells after
treatment with N@QPEGCDs and 5FU-N@PEGCDs.

5.2.5 Cell death mechanism

The results herein demonstrated bring forth insights into cell death by
apoptosis. The carbon dots loaded with 5FU are internalized to the cell by
endocytosis. The drug release led to DNA damage, nuclear fragmentation,
and ROS generation, activating the apoptotic signaling pathway. The
apoptotic signals activate specific genes to cause cell death. The
downregulation of BCL-xL could no longer prevent the release of
mitochondrial content into the cytoplasm hence apoptosis. The cleaved
PARP prevents DNA repair, which is again a favorable factor in
apoptosis. The whole mechanism of cell death by apoptosis is summarized

diagrammatically in Figure 5.12.
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Figure 5.12 Mechanism of cell death by using drug-loaded carbon dots.

5.3. Conclusions

In this work, the facile preparation of nitrogen-doped carbon dots
(N@PEGCDs) and a unique drug delivery system formulated by self-
assembly of antimetastatic drug 5FU on the surface of carbon dots are
illustrated. The N@PEGCDs were characterized thoroughly. The
biocompatible N@PEGCDs were used as a fluorescent bioimaging probe
and showed selective affinity to Co?*. The LOD was calculated to be as
low as 6 nM. The sensing response is selective, sensitive, and progressive.
The electrostatic interaction of 5FU with N@QPEGCDs made it less toxic
to normal cells than a free drug, resulting in better drug tolerance. The
mechanism behind the cell death caused by 5SFU-N@PEGCDs precisely
indicates ROS’s role, nuclear changes, and downregulation of anti-

apoptotic and upregulation of pro-apoptotic factors in apoptosis. The
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detailed mechanism of action is notable for future studies. This result will

expedite the growth of carbon dots for their application in theranostics.

5.4. Experimental section

5.4.1 Materials and Instruments

The precursors for the synthesis of carbon dots were attained from sigma-
Aldrich. The anions and metal salts were also procured from Sigma-
Aldrich and Merck. The chemicals received were of analytical grade,
requiring no further purification. The Deionized water (DI) obtained from
Sartorius milli-Q system was used to perform all the experiments. The X-
ray diffraction (XRD) was analyzed using a Rigaku, RINT 2500 V X-ray
diffractometer with Cu Ko radiation (1.5406 A). The Varian Cary 100 Bio
UV-visible spectrophotometer was used to perform UV-visible
spectroscopic studies. Fluoromax spectrofluorometer was used to conduct
fluorescence studies. IR spectra (4000400 cm™) and X-ray photoelectron
spectroscopy (XPS) were recorded using Bio-Rad FTS 3000MX
instrument and AXIS ULTRA respectively. TEM images were recorded
using a FEI Tecnai G2- F20 Transmission Electron Microscope. The
cellular imaging studies were carried out by using an Olympus laser
scanning microscope. Synergy H1 Biotek microplate reader used for
absorption studies of MTT assay.

5.4.2 Synthesis of N@PEGCDs

The hydrothermal carbonization process was drawn to obtain the nitrogen-
doped carbon dots (N@PEGCDs), PEG and trimesic acid as carbon
precursors, and ethylenediamine as nitrogen sources. A homogenous PEG
and trimesic acid solution was prepared in DI water by sonication for 30
min. In this solution, the ethylenediamine was added dropwise and mixed.
The whole mixture was poured into Teflon coated autoclave vial of 100
capacity and placed into a muffle furnace. The furnace was operated at
200 °C for 12 h. the resultant solution was cooled to room temperature,

centrifuged to remove any large particles, collected in a clean vial, and
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kept at room temperature. This obtained solution was lyophilized to
remove water. After lyophilization, a light brown sticky material was
obtained, which was stored to be re-suspended in DI water to be used
hereafter.

5.4.3 Preparation of 5-Fluorouracil loaded N@PEGCDs

The simple stirring method is followed to prepare a nanoconjugate of
N@PEGCDs and 5-fluorouracil (5-FU). The loading of 5-fluorouracil on
N@PEGCDs was achieved by adding 800 mg L 5-fluorouracil into the
aqueous solution of N@PEGCDs. Both ingredients were allowed to react
for 24 h by vigorous stirring at room temperature. The unconjugated 5-
fluorouracil was removed by dialyzing from obtained solution using a
dialyzing membrane of MWCO 2000Da for 3 h. The 5SFU-N@PEGCDs
nanoconjugate solution was lyophilized for further characterization using
various techniques. The Drug loading efficiency (DLE) and drug loading
capacity (DLC) were calculated using the following equations.

DLE (%) = [{Am - Ar} Am]*100

A is the absorbance of the initially added amount of 5-FU in the
solution, A is the unconjugated amount of 5-FU, which is calculated by
taking the absorbance of the solution outside the dialysis bag after 2 h of
dialysis and W(c) is the total weight of the carrier which is N@QPEGCDs
added initially.

5.4.4 In-vitro release of 5-FU

To check the in vitro release of 5-FU from 5FU-N@PEGCDs, two
different pH conditions were evaluated, i.e., pH 7.4, which is
physiological pH, and pH 5.0, which is the pH of cancerous tissue. The
PBS and acetate buffers were used to achieve these pH conditions. The
5FU-N@PEGCDs system was dialyzed against a buffer of different pH
utilizing a dialysis membrane od MWCO 2000 Da at 37 °C for 24 h. The 2
mL solution was taken out from the buffer outside the dialysis membrane

at regular intervals, and the release of 5-FU was determined using UV-vis
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spectroscopy. To calculate the percentage of the released drug, following
equation no. 3 was used.

Cumulative release (%) =Drug released/ total loaded drug contentx100 (3)
5.4.5 Detection of Co?*and selectivity studies.

The detection of Co?* was carried out at room temperature using an
aqueous solution of N@PEGCDs (1mg mL™). The stock solution of Co?*
(10 mM) was prepared in DI water. The fluorescence spectrum of
N@PEGCDs was recorded at Aex. 380 nm, which was used as
control(Fo). The Co?" was added serially (0-1000 uM), and a change in
fluorescence was recorded. The solution of other anions and cations was
prepared at the concentration of 10 mM. To determine the selectivity of
the N@PEGCDs towards Co?*, the other metal ions were added to the
N@PEGCDs solution, and spectra of each one was recorded. All the
sensing experiments were carried out at room temperature under the same
conditions. The competitive selectivity of N@PEGCDs towards Co?* was
also determined in the presence of other cations and anions.

5.4.6 Cytotoxicity assay and bio-imaging

To perform the various cells related experiments, the cells were grown at
37 °C in a 5% CO2 environment using Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% (v/v) FBS (fetal bovine serum) and 1%
antibiotics penicillin/streptomycin, 10,000 U mL™.

The A375 (human melanoma cell line) and HEK (human embryonic
kidney cell line) were grown and used for cellular studies.

The viability of both the cells (A375 and HEK) was checked in the
presence of N@PEGCDs, 5FU-N@PEGCDs, and 5-FU by a
conventional MTT assay. The cells at the density of 1x10* were seeded in
96 wells plate and grown for 24 h. Subsequently, the media was replaced
by fresh media containing N@QPEGCDs, 5SFU-N@PEGCDs, and 5-FU.
The N@PEGCDs were checked for the concentration range from 200-
1000 pug mL?, whereas the free 5-FU and 5-FU-N@PEGCDs were tested

for the concentration ranges from 0.25-16.0 ug mL™? in triplicates. The
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only media containing wells were taken as control. The treated and control
cells were allowed to grow for the required time. After 24 h, the media
was replaced with fresh media containing MTT of 5 mg mL™. The purple-
colored formazan crystals were dissolved using 100 uL of DMSO per
well, and the absorbance was recorded at 570 nm using a UV-plate reader.
The percent cell viability was calculated using the following equation (4).
% Cell Viability = Abs )/ AbS ) X 100........c.oviviriiiiiiiiiiine, 4)
For bio-imaging, A375 cells were grown in confocal dishes for 24 h
following the same procedure and under similar conditions described
earlier. After 24 h, the grown cells were washed once with PBS and then
treated with N@QPEGCD (250 ug mL™) for 4 h. To capture the cell
images using a confocal microscope, the cells were prepared by first
washing with PBS twice and then adding 2 mL of fresh DMEM media.
The live-cell images were captured using blue and green laser sources.
5.4.7 Hoechst Staining

The morphological changes in the cells after treatment with N@PEGCDs
and 5-FU-N@PEGCDs were evaluated using Hoechst stain 33258. The
A375 cells were grown in 6 well plate for 24 h. After 24 h, the cells were
treated with the corresponding 1Cso concentration of 5-FU as a positive
control, N@PEGCDs, and 5-FU-N@PEGCDs. The cells without any
treatment were taken as a negative control. After 24 h of treatment, the
cells were washed with PBS and stained using Hoechst stain (5ug mL™)
for 30 min. The images were captured using a blue laser of a confocal
microscope.

5.4.8 In-vitro scratch assay.

To access the effect of N@QPEGCDs and 5-FU-N@PEGCDs treatment
on cell migration, the A375 cells were grown in 6 well plate until they
achieved 100 % confluency. These fully confluent wells were wounded
using a 200 pl pipet tip. The debris was removed by washing, and fresh
media was added to all the wells containing 1Cso concentration of
N@PEGCDs, 5-FU-N@PEGCDs, and 5-FU. The wounded region was
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photographed using an inverted microscope at the interval of 0 h, 12 h, 24
h, and 48 h. To obtain the picture of the same point every time, the area
was marked on the outer bottom of the dish.

5.4.9 DCFDA assay for ROS generation

2’,7° —dichlorofluorescein diacetate (DCFDA) assay was performed to
check ROS generation. The cells take up DCFDA, which gets oxidized by
cellular reactive oxygen species (ROS) to generate fluorescent 2°, 7° —
dichlorofluorescein (DCF) with emission maxima 529 nm. The cells were
grown in confocal dishes following the procedure described earlier. After
24 h, the cells were treated with DCFDA (10 uM in DMSO) for 30 min,
followed by washing with PBS. A confocal microscope captured images at
excitation of 488 nm, and emission signals were collected in the range of
490-560 nm.

5.4.10 Western Blotting

A375 and HEK2 (10°%) cells were seeded in six-well or 60 mm tissue
culture plates. Cells were treated with I1Cso (Concentration) N@PEGCDs
and 5SFU-N@PEGCDs for 24 h. Then, cells were harvested, and protein
samples were prepared by cell lysis using 80 to 100 uL of lysis buffer (1
M Tris, 2 M NaCl, 0.1 M EDTA, 100 mM DTT, 1% Triton X 100,
Na3Vv04-2H20, 10% glycerol and PMSF) supplemented with a protease
inhibitor cocktail. Proteins were electrophoresed in 10% SDS-PAGE,
transferred to a PVDF membrane, and then membranes were incubated
with primary rabbit anti-PARP and anti-BCL-xL IgG antibodies (dilution
1: 3000) overnight at 4 °C and followed by secondary goat anti-rabbit
antibodies (1: 5000) for 2 h at room temperature. All the primary and
secondary antibodies were procured from cell-signaling technologies
(CST), Massachusetts, US. The membrane was developed using
chemiluminescent solvents in the Vilber Fusion SOLO S Gel Doc system.
The relative band densities were quantified relative to respective loading
controls using the ImageJ software (National Institutes of Health,
Bethesda, MD, USA).
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CHAPTER 6

Conclusions and Future Outlook

The present thesis aims to develop carbon dots-based optical and
biomedical applications systems. Different types of doped cots are
produced via the hydrothermal method. The dopants of the carbon dots
were chosen carefully to tune the optical properties of carbon dots for their
application in different areas such as antibacterial, optical sensor,
theranostics, and bioimaging.

The carbon dots have various advantages over semiconductor
quantum dots and other organic fluorophores like GFP in terms of high
biocompatibility, resistance to photobleaching, facile synthesis, and
remarkable optical properties for their use in bioimaging and optical
sensing. The natural resources are full of carbon which has been exploited
widely for the green synthesis of carbon-based nanomaterials. However,
the purity and the low quantum yield of such green carbon dots are always
a concern. In this regard, green carbon dots were derived from “Vigna
radiata” sprouts whose quantum yield was optimized precisely by varying
the synthesis conditions and the concentration of dopant.

Considering the change in properties of carbon dots after doping,
gold, silver, and nitrogen-doped carbon dots were developed to be used for
picric acid sensing and photo-mediated antibacterial activities. The rise in
multi-drug resistant bacteria makes it inevitable to explore a new class of
antibiotics, and carbon dots can undoubtedly be the way forward.
However, the killing of pathogenic bacteria with the help of carbon dots
needs more attention to be paid to.

The excessive use of antibiotics due to ever-increasing bacterial
infections is a matter of concern globally. Tetracycline is a class of
antibiotics that could be exploited at maximum for various purposes from
the medical industry to horticulture. Its detection and degradation are of
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utmost importance in human safety and environmental remediation. The
carbon dot which can efficiently sense doxycycline, members of the
tetracycline family have been synthesized. The in-situ composites of this
carbon dot were utilized for doxycycline degradation.

The current work has also studied the use of carbon dots as a
drug carrier. The mechanism behind enhanced drug tolerance in a normal
cell, when conjugated with carbon dots, could be explored in detail, which
can open the door to a new area of research altogether.

Since the carbon dots synthesized using green sources show better
cytocompatibility, the major problem is the heterogenicity of the obtained
carbon dots. The complex composition and difference in composition of
green precursors when environmental conditions vary could be the main
reason behind it. To gain homogeneity, the purification and separation
routes should be investigated thoroughly. Moreover, the discovery of more
naturally occurring carbon dots would prove helpful to get insights into
their role, application, and advantages in our daily life.

The use of carbon dots for various metal ion sensing has been
studied extensively in recent years. Their use in real-life samples was also
explored with great interest. However, only a few reports are associated
with the sensing response of carbon dots towards toxic metals like Cd?*,
Po®, As**, and Mn?*. More efforts are needed to utilize carbon dots for
sensing these metal ions. The fabrication of sensing devices for real-time
use should also be looked into.

The carbon dots have been used in theranostics due to their fantastic
optical properties and excellent biocompatibility. The surface state and
functionality of carbon dots help design a fluorescent probe for diagnosis;
however, the formation of ROS upon light irradiation makes them eligible
for cancer and antibacterial therapy. More fine regulation of nonmedicinal
carbon dots’ properties leads to their use in various applications. The deep

tissue penetration ability and less light-associated toxicity of NIR light
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could be used as a clue to develop NIR responsive carbon dots for
theranostics.

The ingrained features of carbon dots could be carefully monitored,
explored, and exploited to prepare multimodal carbon dots. The single
type of carbon dot could act as a complete package for treating a tumor by
working as a PDT agent, PTT agent, drug carrier, and Gene carrier. The
more stimulus-responsive carbon dots are needed to effectively combat
diseases of the new era with lesser side effects. The microenvironment of
the tumor site could be used as the required stimuli like pH, temperature,
hypoxia, etc.

The cellular organelle targeting by fluorophore is used for cellular
imaging to detect various diseases at an early stage. Carbon dots have
shown the potential to target specific cellular organelles. The properties of
carbon dots, which make them a particular organelle targeting agent,
should be explored to achieve new milestones in this field. The
progressive attitude of scientists towards carbon dots will soon make it a

shining star in early diagnostics and treatment.
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Tables Al
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Table Al. Permissions for re-producing the materials.

Figure 1.1

Schematic representation of top-down and

bottom-up methods of carbon dot preparation

Reproduced from Ref. [5]:
Chapter 1, with permission from

the Royal Society of Chemistry.

Figure 1.2

Schematic synthesis of c-dots. The microwave
pyrolysis of citric acid and urea results in c-dot
synthesis. The dialysis helps in cutting off
different molecular weight fragments. A closed
and an open vessel condition results in a blue
carbon dot (bCD) and a green carbon dot (gCD).

Reproduced from Ref. [10]:
Chapter 1, with permission from

the Royal Society of Chemistry

Figure 1.3

(@) Hydrothermal preparation of c-dots using
Actinidia  deliciosa  (b)

hydrophilic nitrogen-doped c-dots from biowaste

Preparation  of

using dwarf banana peel

Reproduced from Ref. [14,15]:
Chapter 1, with permission from

Elsevier.

Figure 1.4

Illustration of some green sources used to

develop green c-dots.

Reproduced from Ref.  [43]:
Chapter 1, with permission from

Springer.

Figure 1.5

The transitions in  c-dots. (a)

Fluorescence origination from the degree of

optical

surface oxidation (b) Structure and electronic

transition diagram of c-dots.

Reproduced from Ref. [45]:
Chapter 1, with permission from

the Royal Society of Chemistry

Figure 1.6

Use of c-dots as a ratiometric fluorescent sensor

in food safety.

Reproduced from Ref. [59]:
Chapter 1, with permission from

Taylor & Francis.

Figure 1.7

Biomedical applications of c-dots.

Reproduced from Ref [60]:
Chapter 1, with permission from

Wiley.

170




Reproduced from Ref. [62]:
Chapter 1, with permission from

Figure 1.8 Mechanisms for antibacterial activity of c-dots. ) )
the Ivyspring International
Publisher.
Multicolor imaging of A549 (A) HelLa cells (B) | Reproduced from Ref. [82]:
Figure 1.9 Microtubule imaging (C) Mitochondria targeting | Chapter 1, with permission from
ability of c-dots (D). Elsevier.
Reproduced from Ref. [84]:
Figure 1.10 | Various ways of killing tumor cells via PDT. Chapter 1, with permission from
the Frontiers.
Reproduced from Ref. [88,89]:
Figure 1.11 | Use of c-dots as a photosensitizer in PDT. Chapter 1, with permission from
Wiley and Elsevier.
o ) ) o Reproduced from Ref. [90]:
_ Doxorubicin delivery using folic acid ) o
Figure 1.12 o Chapter 1, with permission from
functionalized c-dots. )
Wiley.
Reproduced from Ref. [91]:
_ Targeted delivery of doxorubicin using c-dots | Chapter 1, with permission from
Figure 1.13

nanohybrid with silica nanoparticles.

Springer.
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