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Abstract

ABSTRACT

Every year, an estimated 14.1 million cancer cases are diagnosed worldwide, with this figure
expected to rise to 24 million by 2035. Cancer is a major cause of mortality globally, accounting
for roughly 10 million fatalities in 2020, with breast cancer accounting for 2.26 million cases and
lung cancer accounting for 2.21 million cases. Breast cancer is the most common cancer in the
UK, with 50,000 new cases diagnosed each year. Because most present anticancer therapies have
limits and adverse effects, there is an urgent need to create novel anticancer medicines.
Nanotechnology has made significant progress in various areas of cancer treatment, including in
vitro diagnostics, imaging, and therapy. The first generation of novel nanomaterials (NMS) as
anticancer drugs has effectively reached widespread usage. MDA-MB-231, an estrogen receptor-
negative and highly invasive breast cancer cell line, and MCF-7, an estrogen receptor-positive
and non-metastatic cell line, were employed. The intracellular uptake of the carbon nano sample
was studied and compared using several correlative microscopy methods such as transmission
electron microscopy (TEM), confocal microscopy, and scanning electron microscopy (SEM),
among others. Cell death exhibited necrosis and apoptosis characteristics, as well as

mitochondrial structural alterations.

PART -I: Synthesis of seed-derived carbon nanocapsules cell imaging, depolarization of

mitochondrial membrane potential and dose-dependent control death of breast Cancer.

In this part, a series of mesoporous carbon nanocapsules (mCNS) of size below 10 nm have been
prepared from Azadirachta indica seeds with a very easy and cost-effective approach. These
nanocapsules can emit red and green light and are effective for cell imaging. Further, these
carbon nanocapsules are biocompatible with normal healthy cells, however, they possess modest

cytotoxicity against the MCF-7 (human breast cancer) and MDA- MB-231 (triple-negative
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breast cancer) and the rate of killing cancer. Cells strongly depend on the dose of mCNCs.

Further, the mitochondrial membrane potential and apoptosis assay were performed to analyze
the therapeutic significance of these nano-capsules to kill breast cancer. Results showed that
these carbon nano capsules can depolarize the mitochondrial membrane potential alone (without
using conventional drugs) and can change the physiological parameters and cellular metabolic
energy of the cancer cells and kill them. The apoptosis results confirmed the death of breast
cancer cells in the form of apoptosis and necrosis. Moreover, the results suggested that the
porous carbon nano capsules (mCNCs) reported herein can be used as a potential candidate and
useful for theranostic applications such as cancer cell detection and therapy without using any
conventional drugs.

PART-II: Synthesize of carbon dots for kernel part of seed: Photoluminescence mechanisms

and applications in detection of biologically relevant metal ions

In this part, a facile cost-effective green synthesis approach was used to synthesize carbon-dot
(CDs) of size ~4 nm, from the Kernel part of the Azadirachta Indica seeds and investigated their
fluorescent and metal ions sensing capability based on the fluorescence OFF-ON, ON-OFF
device mechanism and also used for the delivery of drugs. Metallic ions such as Ca2+, K*, Na*,
Fe*, and Zn®* which are biologically important for many reactions have been used to explore the
selective sensitivity of these CDs for detection. The resultant dot size with an average diameter
of 4 nm has been used to eliminate the “Achilles heel” problems, which are associated with the
Zn” in the body and its detection is a very challenging task. It is found that the sensitivity of
detection of the Zn”* can be regulated by using a different solvent. This material can also be used
as a sensing probe for the selective detection of Fe’* at a very low concentration of the solution
(~ 5 uM). The synthesis method of CDs reported here is cost-effective, very fast, and eco-

friendly and it is highly selective towards Fe’* and Zn**. Due to the fast response capability and
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the high sensitivity of these CDs to achieve logic operations, it provides a new understanding to

construct potential next-generation molecular devices for the detection of different bio molecules
with high selectivity. Further, these CDs are biocompatible against normal healthy cells, capable
of loading small bio molecules and drugs that reassembled its use in drug delivery and
therapeutic applications such as for breast cancer therapy and we observed significant synergic
cytotoxic effects of CDs loaded with DOX against breast cancer cells. CDs especially in
combination with DOX have been exhibited to be effective against MCF-7 (breast cancer) and
should be deemed secure and effective approaches in cancer prevention and therapy. Thus, the
CDs reported herein in this work have been synthesized from the green synthesis approach and
can be used as a molecular probe for the detection of metal ions as well as for drug delivery

applications.

PART-III: High-temperature synthesized carbon dots and their absorption of heavy metal

ions.

Carbon nanodots (CNDs) are well-known as one of a new family of zero-dimensional
nanomaterials. In the present development, carbon dots are considered the highest research field
because of their biocompatibility, attractive fluorescent activities, ease of functionality, chemical
stability, and photo stability. There are several ways to produce carbon dots, however, expected
sustainable carbon sources can produce CNDs on a large scale. This can be a significant
advantage for researchers to explore their versatile applications. Carbon nano dots have been
heavy metal quenchers as discerning and sensitive fluorescent even at micromolar ranges.
Although we focus on the fluorescence-sensing mechanism of heavy metal ions using green-
recourses CNDs as a detection tool. We give a brief outline of green resources utilized in the
CND synthesis, its property, and the fluorescence mechanism of CNDs. Additionally, related

problems and possible solutions to rising above the outlook path of CNDs in this quencher field

University of Hyderabad Page xxvii



Abstract
are discussed. Further, in present days heavy metal pollution is expected in the process of

emission and mass production. It is already reported heavy metal ions will cause permanent
damage to the human body as well as other organisms. Even at low concentrations, it is non-
degradable nature of exposure and ingestion. Therefore, it can be of great importance for the
ecological and human health environment to extend high accuracy and understanding as well as a
steady process for detecting heavy metal ions. In the above lines, this work systematically sums
up the quenching mechanism of heavy metal ions to demonstrate the related green CND-based

quencher and the capability of separation of them from the water-based solution.

PART 1V: Revealing the structures of nano cellulose from Neem bark antimicrobial activity

and their application: an in vitro study

Azadirachta indica (A.indica) is an naturally available, entirely biodegradable source of
"nanocellulose" (NC). For the potential biomedical application and for the developing the
antibacterial activities in various polymeric nanofibers and scaffolds, neem extract blended with
the Nanofiber. And hence, in the present study we first time explored A. indica bark as a natural
source for the development of antibacterial properties contain cellulose nanofibers. However,
seeds, leaves are widely used for the biological application and a Tree bark is generally
considered a useless raw resource. As Tree bark are rich in chemical components which could
be commercially useful if used effectively. With the objective of to develop the antibacterial
potential containing nanofibers, we synthesized and studied the a the physicochemical
parameters in soil, thicknesses, moisture content, water holding capacity, expansion, porosity,
and biodegradability of the cellulose nanofibers. Majorly, the integration of A. indica extract
demonstrated an enhanced shelf life due to its significant antibacterial action, and this remaining
nanocellulose was destroyed in the soil with little environmental impact. Impact of

Nanocellulose fiber were tested on gram negative and gram positive bacteria via disc diffusion
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process shows the statistically significant antibacterial activity.Further, our study concludes these

nano cellulose fibres poses the antibacterial potential and will be useful in various biomedical

applications.
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CHAPTER-1

INTRODUCTION AND LITERATURE REVIEW

Chapter 1 Introduction establishes the background of nanotechnology in medicine and biology
and its applications including breast cancer treatment. This section also elaborated and highlights
the various nanomaterials, their synthesis, characterizations and applications in various

biomedical fields.

1.1. Background

Nano-biomaterials have become an important tool for medical applications for a variety of
reasons, including biocompatibility and unique effects owing to their nanoscale. The ability to
include biomaterials in the production of nanostructures has opened the door to novel applications
in a variety of sectors.'” One of the most significant is contemporary medicine, which has
extremely difficult challenges to tackle. Nanotechnology has been applied to two main issues of
general interest in modern medicine, tissue engineering and antimicrobial activities, which have

been chosen for this study owing to large examples and effects.

Over the past decades, the nanotechnology field gain interest as the most active and innovative
research area.’ It has diverse applications in various interdisciplinary areas like basic
Chemistry, Physics, Biology, Material Engineering and science. Due to the unique property of
the material (aspect ratio) nano range, nanotechnology had proven its potential in the areas of
agriculture4, the food industry, : pharmaceutical,6 electronics, textiles,’ diagnostic,8 etc. Out of
the above mentioned application areas, the major success has been achieved in the medicinal
field.’ This includes the motive of a drug delivery system with maximum therapeutic efficacy.
Research has been carried out with various research groups on various types of nanoparticles

such as, polymeric nanoparticles, liposomes, dendrimers, carbon dots, nanofibers, carbon
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nanotubes, and metallic nanoparticles. Among these, the metal-based materials are widely
being explored for theranostic applications,10 using their optical, biological, and physical
chemical properties. In this content, the present dissertation focused on non-metal-based

nanoparticles and their applications in biomedical and therapeutic applications.''

1.2. Different types of nanoparticles and their synthesis
1.2.1 Polymer nanoparticles

In this part, different types of polymer particles used for the therapeutic applications has been
highlighted in the tabulated form (Table:1.1). The uses are focused on the anti-glioma activity,
drug delivery, theranostic, or cell imaging, anti-inflammatory activity, cancer treatment etc.
Such as, a novel class of bio-polymeric core-shell nanoparticles (PCL, PLA and PLGA) have
been reported. These polymeric nanoparticles were synthesized using emulsification solvent
evaporation (SESE) technique. These polymeric core-shell NPs are known as viable platforms for
the future nanomedicine, particularly in targeted drug delivery, can be as theranostic, and medical
bio imaging. Inhibiting the PI3K/Akt/mTOR signalling pathway these polymeric nanoparticles
are also useful for the treatment of the different cancers, such as particularly glioblastoma.lz'13
Furthermore, encapsulation of the drugs with different properties such as, extremely hydrophobic
hyper for in, a 5-LO lipophilic inhibitor, with in AcDex-related NPs provides used for effective
suppression 5-LO function in neutrophil in the presence of albumin.'* In an another study, it is
reported that the Polycaprolactone (PCL) nanoparticles loaded with Amp B are useful for the

treatment of leishmanial infections.'> ¢
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Table 1.1:Table of different types of Polymeric nanoparticles and their different applications

spontaneous solven
t evaporation
emulsification

Sr. No. Application Types of Polymeric | Types of polymers Ref.
Purpose Nanoparticles/met
hod
Drug delivery, C-6-loaded PCL, PLA, PLGA 2]
theranostics, or polymers core-shell
bioimaging Nanoparticles
produced

Anti-glioma activity

Polysorbate 80-
coated PLGA NPs
with rapamycin

PLGA

[13]

Anti inflammation
properties

Hyperforin-loaded
AcDex-based
related NPs were
synthesized using
ethyl acetate &
water in solvent
evaporation process.

AcDex

[14]

Antifungal activity

By
nanoprecipitation
process PCL-NCs

loaded with Amp B.

Biopolymer of PCL

[15]

Severe combined

PEG NCs with

PEG

[16]

immunodeficiency | Pegademase bovine-
disease loaded colloidal
nanocapsules
Undefined Oral By using Anionic based (7
Delivery nanoprecipitation copolymers using
method methacrylic acic and
loadedwithEudragit | methyl methacrylate
L 100 NCs,

Lung cancers in
combination with
chrono-modulated

chemotherapy

Paclitaxel-loaded
PCL-PEG-PCL NCs

PCL-PEG-PCL

[18]
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1.2.2 Metallic nanoparticles and Metal oxide nanoparticles:

In this section, Table 1.2 highlighted on the several types of nano structured materials and their
applications different applications, namely Imaging therapy, photo thermal therapy, radio
sensitizer applications, skin penetration and effect on cells, chemotherapies, photo thermal
therapies, biosensing applications etc. Such as, platinum nano particles were reported in the
direction of triggering breaking in DNA strands in the human colon cancer cell type (HT29) in a
intensity, time, and in a size-dependent basis. A quick and simple method for attaching thiolated
DNA to AuNPs based on mPEG-remarkable SH's stabilizing impact on AuNPs." SiNPs and their
variations are reported as a strong tool for antimicrobial targeted delivery, which potentially can
decrease the consequences of a high medication dose and related adverse effects. Self-assembled
Au core-shell NPs with biocompatible polymers for biological thermo - responsive polymers, pH-
responsive polymeric materials, conductive polymeric material, anti bio-fouling polymers, and
numerous nature derived polymers are also reported for their biomedical uses that are tabulated in
Table 1.2. MNPs have piqued the interest of the researchers due to their potential as magnetic

resonance imaging (MRI) contrast agents and heat regulators in cancer therapy.

Table 1.2: Various types of metallic nanoparticles and its different applications

Sr Type of Nanomparticles Specific sites Targeted sides Ref.
No
1 Gold or Silver nanoparticles Cancer cell Photo thermal treatment and imaging (]
2 Nanoparticles of platinum Cancer Toxic effects study 201
3 AuNPs Cancer Through Radio sensitizer 21
4 Au NPs Skin Skin penetration study 21
5 Pt NPs@PVA Brain Toxicity study =
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6 Ag NPs Anti-microbial Toxicity study 241
agent
7 Ag NPs Wound healing Therapeutic study (1
8 Au-branched shell Breast cancer Imaging and photo thermal therapy 2l
nanostructures
9 MagneticNPs Cancer Biosensor, Chemotherapies, and 271

molecular bio-imaging

10 Magnetic NPs fertilizers, Sensor, coating, packaging, remote 28]
pesticides sensing,
11 Core-shellFeONPs @Si/Au | cancer ( Head and Photo thermal therapy 1
neck)

Further Table-1.3 highlighted on the different varieties of metal oxide nanoparticles & their
different applications in biomedical applications such as for antibacterial, gene treatments, drug
delivery, tissue engineering, and imaging, bio imaging and surgical devices, etc. such as, using
citrate-intercalated layers double hydroxide (LDH) as a substrates and Ag"* as a precursor, silver
oxide NPS with controlled particle size were effectively synthesized and they are potentially used
in the antibacterial, medication delivery, gene therapy, tissue development, imaging etc.’!
Cerium oxide nanoparticles have demonstrated tremendous promise as antioxidant and radio
protective compounds for use in cancer treatment, Bio imaging and making surgical devices.*
The manufacture of neem-assisted zinc oxide (ZnO-neem) particles assists in determining neem's
function in thermo-hydraulic behaviour as nano fluids and use for the skin treatment.” Sodium
titanium oxide bronze has the fascinating qualities of high electric conductivity and strong
chemical stability, as well as a novel one-dimensional tunnel crystal structure that may be used

for cation storage and they have also potential use as Antimicrobial coating material and for the

sterilization.>* Nickel oxide NPs alter the physiology, phyto-chemistry, and molecular structure of
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Chinese Cabbage Seedlings and can be used in the Biomedical applications such as for anticancer
effects.® Copper oxide wire nanoparticles are used as an antibiotic, antiviral, antimicrobial,
antifouling, and antifungal activities.”® The pulsed laser ablation in liquid laser creation of
gold/oxide nanocomposites has been implemented to ensure one-step synthesis of different
gold/oxide nanocomposites with consistent shape and excellent dispersibility, and used in
antibacterial, cell imaging, photodynamic therapy, therapeutic agents, surgical devices.”’

However, bacterial resistance to antibiotics is among the most significant current biomedical

issues, with the quest for novel medicines to tackle bacterial diseases being prioritized.*®

Table-1.3: Table of several kinds of metal oxide nanoparticles & their different applications

Metal oxide.
Serial Nano particle Applications Ref.
number
1 Fe,0; Image and environmentally remediation (501
2 Ag,O Tissue developments, Delivery of drugs, gene therapeutics, 311
bactericidal, imaging, and other applications
3 CeO Surgical devices, Bio imaging etc. 521
4 ZnO Skin treatment and care, etc. 23]
5 TiO, Coating material, sterilization, Antimicrobial, (341
6 NiO Anticancer (53]
7 CuO Antiviral, ,Antibiotic, Antimicrobial, Antifouling, and Antifungal 1361
treatment,
8 Au Drug delivery, Cellular imaging, Antimicrobial, Surgical devices, o
Cancer treatment, Photodynamic therapies, etc.
9 AL O; Antimicrobial B8]
10 Fe/Fe,0O5 Tissue repairing, Cellularlabeling, Drug delivery, Hyperthermia, etc i
11 CaO Antimicrobial .
12 MgO Antimicrobial 4
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1.2.3 Quantum dots

Because of their unique optical adsorption properties, photo-induced transfer of electrons,
photoluminescence, and electrons reservoir qualities, carbon CQDs (quantum dots) have emerged
as a promising new material viable contender for photo catalysis applications.**™* Carbon
quantum dots (CQDs) have now been shown toward good photo sensitizers when combined using
a molecular catalyst in aqueous solution with solar-powered hydrogen generation.** A green and
simple approach for extremely sensitive and accurate dopamine detection was devised by
manufacturing a cuo dots/Nafion composite film (Cu20-CDs/NF).”A facial and green
hydrothermal approach was used to create carbon dots (CDs) with high fluorescence utilizing
biomass quinoa as the carbon source.*® Quantum Dot Synthesis of Carbon iron from jujubes (III)
from jujubes.47 The produced CDs emit strong green light with a highest quantum yield for green-
emitting materials is roughly 46.4%. CDs.* Hydrothermal treatment of orange juice yielded
extremely PL quantum output of 26% in luminescence carbon quantum dots a single step.49 Many

other CQD utilization and various synthesis routes using precursors are tabulated in Table 1.4.

Table-1.4: Highlighted on the carbon quantum dots (CQDs) and various synthesis routes

using precursors and uses of CQDs.

Serial
Number Process Precursors Applications Ref.
A sol-gel technique with an Degradation of
1 electrochemical method Graphite rods, Ti(OBu), MB,Photocatalysis 421
TiO2, HQC, and
2 Hydrothermal Fe(HQC); Phenol degradation 43]
3 Thermolysis citric acid nanoparticle Water molecule break (44]
PVP, carbohydrate,
4 Ultrasonic and CuSO, CO, transformation 3]
5 Hydrothermal Coffee ground Sensing (46]
6 Hydrothermal Juju bees Sensing 47]
Ammonia, diammonium

7 Solid state reaction hydrogen citrate Bioimaging, sensor (48]
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8 Hydrothermal Orange juice Bioimaging 1]
9 Microwave- assisted pyrolysis Arginine and glucose Non-viral gene delivery 1501
Branched PEI,
10 Hydrothermal ammonium persulfate Gene Delivery 51
1.2.4 Carbon dots (CDs)

Carbon dots (CDs) are very much fascinating. On a gram scale, high quantum productivity (QY)
CDs, 53%, made by heating a formamide solution of citric acid and ethylene diamine.’* Malic
acid carbon dots are excellent for super-resolution fluorescence specificity microscopy under a
range of circumstances, as demonstrated in preserved and living trout gill epithelial cells.” Using
complimentary nucleotide sequence as ligands on surfaces, they selectively enable two separate

. U 5455
"Dual-color" carbon dots are dispersed to associate in situ & in vitro.

Using folic acid as a precursor, researchers created nitrogen-doped CDs in an aqueous phase
method.® Using a one-step hydrothermal technique, carboxymethyl chitosan & hyaluronic acid
had been employed to synthesize unique specifically aimed carbon dots nano -carrier
photoluminescence.57 Nitrogen and Sulphur co-doped photoluminescence CDs can be synthesized
from waste Allium sativum peel.58 Using Fluorescent CDs, cell microenvironment can be
detected.”® It was also shown a totally green synthetic process for manufacturing luminous

nitrogen-doped carbon dots using milk.®

Tablel.5: Table of Different synthesis routes with precursor of CDs.

Carbon
Sr No Synthesis Method Solvent(s) Precursor(s) Ref.
Hydrothermal
1 Carbonization Formamide Citric acid 52
2 Microwave Water Malic acid 531
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Hydrothermal

3 Carbonization Nitrobenzene Sucrose (54
Hydrothermal Urea and p-

4 Carbonization Water phenylenediamine 53]
Hydrothermal

5 Carbonization Water Folic Acid 36l
Hydrothermal

6 Carbonization Water K-carrageenan 57

Allium sativum

7 Pyrolysis Water peels (garlic) (58]
Hydrothermal Ethylenediamine in Agaricus Bisporus

8 Carbonization Water (mushroom) 1591
Hydrothermal

9 Carbonization Water Milk (601

1.3. Nano particles for biomedical applications

1.3.1 Drug delivery

Nanoparticles provide a novel level in engineering with control towards the area of medicine
which allowing for the modification of factors such as medication and diagnostic agent toxicity,
pharmacology, solubility, diffusivity, half-life, bio distribution. The uses of nanoparticles are
numerous and are anticipated to expand as technology advances. Numerous investigations in
recent years have proved their capacity to function as sensors®!, medication transporters 62:63 a5

therapeutic 64 targets. Recent attempts have succeeded in integrating therapies and diagnostics

into a unified platform, giving rise to "theranostic" procedures.

Utilizing nanoparticles as medication delivery mechanisms is justified by a minimum of three
mechanisms (i) improved penetrating nanoparticles' uptake and retention (EPR) in solid

malignancies; (ii) the ability to transport stable colloidal systems to deliver blood insoluble
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medications; and (iii) regulated release. The potential benefits of each of these topics will be
addressed in this section. Paclitaxel (PTX), a commonly accepted pharmacological option used
for the treatment of many To create a theranostic technique for treating cancer, human
malignancies were co-loaded in lipid nanostructure carriers using CdTe@ CdS@ZnS QDs. (see

Table 1.6).9

Tablel.6: General view of NPs for the cancer treatment development on research stage

SL,No. Target Therapies | Payload | Modificatio Outcome Ref.
malignancy involved n
model
1 Human Chemother PTX PLGA NP Compared to free PTX, drug (6ol
prostate apy delivery effectiveness was
cancer lines significantly increased.
PC3
1 Cells K562 Nucleic- Nucleic PEG, showed greater effectiveness (7]
from chronic | acid-based acids transferrin when transfecting K562
myelogenous therapy modified NP | leukemia cells than untargeted
leukaemia particles.
and PC3 from
human
prostate
cancer
2 human Targeted | Docetaxe Tmab HER2-positive BT474 cells 1651
HER2- therapy, 1 modified NP | exhibit increased cytotoxicity,
positive cells | chemother however HER2-negative
and MCF7 apy MCEF7 cells do not
human
HER2-
negative cells
3 BT474, SK- Targeted | Paclitaxel Tmab Improved therapeutic (691
BR-3, and therapy, modified NP effectiveness and reduced
MDA-MB- chemother cytotoxicity to human breast
231 are apy epithelial cells were seen.
human
HER2-
positive
breast cancer
cell lines;
HER2-
negative cell
lines
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4 PANC-1 and | Targeted | Alantolac | PLGA NP The created NP significantly 7ol
Patu8988T therapy tone increased cancer cell death and
are human Erlotinib shown an anticancer impact.
pancreas
cancer cell
lines.
5 Breast and Chemother | Doxorubi Exosome Doxorubicin's capacity to ]
ovarian apy cin penetrate cells was improved,
cancer mice and drug aggregation in mice
models, hearts was prevented.
human breast
cancer MDA-
MB-231
cells, and
mice ovary
cancer cells
6 melanoma PTT IONPs/A Au NP The Au NP complex worked 2]
tumours B16- g encapsulate effectively as a PTT
F10 d IONPs/Ag compound as well as a T2
transplanted cores MRI contrast agent.
into C57BL/6

1.3.2 Cancer therapy

A group of researchers presented the creation of a cyclodextrin polymer-based gene delivery
system that was based on the transferring.67 Lipid-polymercoated with Trastuzumab (Tmab)
fusion nanomaterials comprised PLGA, polyethyleneimine (PEI), poly (d, l-lactide-co-glycolide),
and lipids were created in this study.68 In this work, pure anti-cancer drug nanorods (NRs) are
combined in the core of antibody-drug nanoparticles (ADNs) with a therapeutic Trastuzumab,
monoclonal antibody, mostly was situated on exterior part of NRs and used for definite targeting
with synergistic therapy of HER2 positive breast cancer cells.® Further, they have created a nano
platform to deliver ERL and ALA simultaneously to suppress both EGFR and STAT3 for
improved Pancreatic Cancer therapy.70 Exosomes improve doxorubicin's therapeutic index in
ovarian and breast cancer mice models.”' The design and production of a unique magnetic hollow
gold nano shell complex with iron oxide nanoparticles in the hollow interior are also reported for

the treatment of melanoma tumors.””
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1.3.3 Imaging and Diagnosis

A group of researchers demonstrated on the SWNTs, Au NPs, and Au NRs functionalized with
polymers, they are exceptional stable in aqueous medium, at various pH, high temperatures, with
in serum.” Dendrimer nanoparticles loaded with gadolinium can be used in cancer magnetic
resonance contrast enhancement .’* The manufacture and development of cutting-edge QD probes
are used for the cell and molecular bio imaging.”” Authors also looked in the nanoparticles bio
distribution, pharmacokinetics, and toxicity as they relate to in vivo imaging and treatment.’®
They tested the cellular absorption of Non-phagocytic T cells carrying SPIO throughout selection
of particle sizes between 33 nm and approximately 1.5 micron, with precisely regulated surface
characteristics and without the use of transfection agents.78 Gold nanoparticles are used in disease
detection and therapy as mentioned earlier, and the systems must be biocompatible and able of
becoming functionalized for identification of particular target areas in the body following
systemic delivery. Because of the great X-Ray attenuation, non-toxicity, and ease of synthesis and
surfaces synthesis process for colloidal stability and selective distribution, gold nanoparticles

79-80

(AuNPs) have recently gained attention as an X-Ray contrast agent. Many more detail uses of

the NPs in Imaging and Diagnostics have been shown in Table 1.7.

Table 1.7: Gist of NPs for Imaging and Diagnostics that are in the development or research
stages

Sr. No. Nanoparticle Application Ref.

Perfluorocarbon Imaging of angiogenesis, | ')

cancer metastases and
blood clots.

Gd complexes CT imaging [74]

Fullerenes MRI to enhance contrast. (73]
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4 CDs Cellular imaging. 76l
5 Silicon particles MRI. 771
6 Iron oxide Imaging of tumours (78]
7 Au NPs Ultrasound. (791
8 Au NPs X-ray/CT scan. (801

1.3.4 Theranostic applications

Hollow manganese oxide particles with surface functionalization are used for the delivery of
siRNAs with a cancer target cell among magnetic resonance imagingn.®?' Magnetic nanoparticles
with target-cell specificity for simultaneously molecular imaging and siRNA delivery.*™
Magnetic resonance images and treatment for cancer treatment utilizing nanoparticles loaded with
docetaxel and super para magnetic iron oxide.® The inherent near-infrared photoluminescence of
luminous porous silicon nanoparticles (LPSiNPs) allows monitoring both of accumulation and
degradation in vivo.*® Chemically Single-walled nanotubes (SWNT) that have been chemically

functionalized demonstrated assure within tumour-targeted accumulating in rats, as well as bio

viability, elimination, in addition to low toxicity .”"*(See Table 1.8)

Tablel.8: Outline of NPs in the stage of development or study for Theranostic applications

Sr. No Applications Drug used Nanoparticles used Ref.
1

MRI plus RNA delivery siRNA Mn203 81l
2

Targeting, MRI and therapy siRNA, DOX, docetaxel | Fe203 (82- 831
3

Diagnosis, tumour targeting and
PTT DOX Au NPs (84831

Photodynamic therapies, X-ray/CT | Pyropheophorbide
imaging, but also drug carrier (HPPH), DOX Si02 [86-87]
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DNA plasmid, DOX,
Diagnosis, DNA and drug delivery | PTX CNTs [88-89]
Imaging, therapy and sensing DOX, MTX QDs 90-911

1.3.5 Molecular detection

Many significant technological improvements have been achieved in the applications of
nanoparticles for bio molecular detection over the last decade.”>”? Nanoparticles, in particular,
have been widely employed in nucleic acid and protein bio affinity sensors.”* Because of their
nanoscale size, these particles have a selective reactivity with advantageous physical character
(optical, electrical, magnetic and electrochemical) that be chemically tailorable.” Thus, the
nanoparticles seemed effectively utilized for example, in nucleic acid % in addition to protein
detection.”” Recently, evanescent-wave-induced light scattering-based colorimetric detection has
been established. *** Gold nanoparticle labels include employed in conjunction by in addition
to the electrochemical and optical detection; there are various platforms for detecting. Initially,

quantum dots (QDs) be utilized as fluorescent biological labelling.'*'"!

Furthermore, photo
chemically stable semiconductor nanoparticles feature limited, symmetric, size-tuneable
emissions spectrum. Core-shell structured QDs are preferable in fluorescence-based

applications.'”'” Since Tan and colleagues first employed dye-doped silica nanoparticles as

labels in DNA detection, they have received increased attention.

1.3.6 Biosensors

A nano biosensor type of sensor that is used to watch, compute, with evaluate biological
phenomena utilizing sensors produced using nanotechnology methods. They are typically made
from quantum dots, nano particles, nano wires, and nano films. The nano scale regime is where
most occurs naturally biological systems include membranes, protein complexes, and viruses, as

well as their relations. This makes nanoscale devices attractive potential biomedical and bio
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analytical applications that need upper levels sensitivity, particularity, and quicker reaction period

than standard bio-sensing approaches.'**'®

1.3.7 Antibacterial effects

The increasing usage of nanoparticles in medicine has resulted in an increase in the number of
research investigating potential antibacterial actions of nanoparticles.106 Metal nanoparticles, for
example, can alter the metabolic activity of bacteria.'””. This capability is a big benefit when it
comes to eradicating microorganisms to heal illnesses. The capacity of NPs to infiltrate bio films
also provides a feasible way for inhibiting bio film development based on gene expression

inhibition caused by Ag.108

To perform their antibacterial action, bacterial cells must come into contact with NPs.

? van der Waals forces,''” and hydrophobic interactions, receptor-ligand

Electrostatic alttraction,10
interactions, and recognized kinds of attachment. Then NPs enter bacteria membrane congregate
alongside the metabolic route,'! affecting the cell membrane's structure and function. Following
that, NPs react with the fundamental characteristics of bacterial cells, including DNA and
lysosomes, ribosomes, with enzymes, causing oxidative stress, heterogeneous changes, cell
membrane permeability changes, abnormalities in electrolyte balance, and enzyme inhibition,

112,113

protein deactivation, and gene expression changes. The most often postulated processes

114

. . . . . 115 - ... . .
incorporate oxidative stress in current research stress, ~ metal ion, "~ in addition to non-oxidative

mechanisms.' '

1.4. Special emphasized on Carbon dots, and their application in biology and medicinal uses

1.4.1 Synthesis, characterization, methods of reported CDs and drawback of the existing method

Chemical ablation is a process in which powerful oxidizing acids, carbonize biological
compounds carbonaceous materials, which may then be there sliced in small sheets by controlled

oxidation. It was shown that surface passivation was the crucial movement for the PL kind of
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CDs. Furthermore, the CDs emission wavelengths may be changed via altering the number of
treatments and the fundamental elements. The CDs manufactured using different methods are

ideal for the biological applications because to their multi colour emission and harmlessness.

Table 1.9: Different synthesis methods Related to CDs, their unique benefits and drawbacks.

Approache | Synthesis Quantum Disadvantage Advantage Ref.

S methods Yield %

Bottom-up Chemical ablation | 4.34-28 Multiple stages, | a  variety of
demanding processing | beginning .
conditions, and | materials, the
inadequate control of | most effective
oversize technique

Bottom-up Hydrothermal/solv | 1.1-94.5 Ineffective size | inexpensive,

othermal control and low | green, and non-
[118-119]
treatment production yield toxic

Bottom-up Solid-state 9-69 Poor control oversize | cheap,

and Top | thermal treatment sustainable, and

[120- 121]

Down non-toxic

Bottom-up Microwave 2-44.9 Poor control oversize Quick,

irradiation economical, and
[122- 123]
environmentally
friendly
Top Down Laser ablation 4-36 Low QY & poor size | Tuneable surface
control conditions, a
[124]
efficient process,
as well as a high
output yield

University of Hyderabad

Page 17



Introduction & Literature Review Chapter-1

Because its cheap cost, non-toxicity, and environmental friendliness, hydrothermal technique is
probably one of the special approaches utilized towards produce novel carbon-related nano
materials. Typically, an organic pioneer solution is enclosed within a high-temperature
hydrothermal reactor. CDs may be made from a variety of organic resources, together with
cysteine (cys) in addition to citric acid, glucose, chitosan, food waste, banana extract, and

numerous natural polymers, using hydrothermal carbonization (HTC).

Electrochemical carbonization is a process for producing CDs without the need of heat by
employing a variety of bulk carbon sources as the carbonous precursor. Unlike more modern
electrochemistry approaches that employ carbon-based electrodes as a source of carbon for CD

manufacturing, electrochemical carbonisation converts the solution to CDs.

One of the most enticing features of this ultrasonic irradiation for CD manufacturing is its
extremely fast reaction time. Microwave irradiation is regarded as a quick, easy, and low-cost
approach for decomposing chemical bonds and carbonizing precursors generating electromagnetic

radiation with such a wavelength between one millimetre and one metre.

When, short-wavelength such as laser light interacts through attenuating material, the result is
laser ablation (photo ablation). The condition of ligands on the surface of CDs affects the light
emitted. As a result, the exterior properties CDs may be modified to achieve the appropriate light
release features.

1.4.2 CDs for Nanomedicine

CDs, in addition to being carriers, exhibit therapeutic properties such as antibacterial activity'* 126

127,128 129,130

anticancer activity, antiviral activity, and antioxidant activity'>' Typically, Because of
the preservation of pharma cophores in existing structures or the creation of new active structures,
as-prepared CPDs exhibit therapeutic performances that are comparable to or better than those of

pristine pharmaceuticals when drug molecules (like metronidazole,'” gentamicin sulphate,]26
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glycyrrhizic acid '** can be used as starting material. Quantum dots are tiny crystals that have been
created to transport electrons and convert a spectrum of light into distinct colours. Quantum dots
enable the study of cell processes and have the potential to significantly enhance the detection and
treatment of illnesses such as cancer.'3*!¥ QDs have been shown in certain studies to have
impacts on reproductive dysfunction, TH signalling, estrogen receptor activation, and endocrine

. . ... 134,135
compromising activities.

1.4.3 CDs for Nanotoxicity

Carbon nanoparticles, which are made up of fullerenes and nanotubes, are the most often
employed materials for drug administration because fullerenes have several attachment sites that

allow for tissue binding and nanotubes have excellent electrical conductivity and strength.13 6.137

Factors affecting toxicity of CD nanomaterials and other nanomaterials are:
The dimensions, surface charge, shape, in addition to solubility of nanoparticles are among the
factors that influence their interaction with proteins. The exclusive method of NP contact with
biological system is primarily determined by the dimension with surface part of the NP. NPs have
a relatively huge specific exterior area, which accounts for their high reaction ability and catalytic

138

activity. =~ NPs have diameters that are equivalent to protein globules, diameter DNA helix (2

nm), in adding to cell membrane width (10 nm), allowing towards easily go through cell

1
organelles."”’

NPs have the following forms includes cylinders, spheres, sheets, cubes, even rods. The toxic

effects of NPs is highly dependent on their form. This has been demonstrated for a variety of NPs

140,141

with varying geometries and chemical compositions. Carbon nanotubes with only one wall

have been shown on the way to inhibit calcium channels additional efficiently than spherical

fullerenes.'** The surface charge of NPs is significant within their toxicity, since it influences

143,144

their connections by biological system. It is necessary to apply a coating to the outside of
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NPs to changing optical, magnetic, electrical, and is utilised to enhance NP biocompatibility and
solubility both biological and water-based fluids by lowering their aggregation potential and
raising their stability and so on. As an outcome, the coating reduces the toxic effect of NPs, while
in addition allowing them to interact accurately with different types of cells in addition to
biological molecules. Furthermore, the shell has significant impact on NP pharmacokinetics,

altering trends of NP dispersion and gathering in the body.'*’

1.5 Overview of cancer

Cancer is a disease characterized by uncontrolled cell proliferation or abnormal development of
cells. Cancer cells have evolved from normal cells in the body. Cancer cells infiltrate
neighbouring cells and spread to distant organs.'*® Cancer is defined by the International Union
against Cancer as a disturbance of excessive cell growth and proliferation with no obvious
relationship to the physiological needs of organs. Cancer cells have a multifaceted genesis.l‘“”147
They comprise genetics, physical, chemical, metabolic, hormonal, environmental, and enzymatic
variables. Cancer is the greatest cause of mortality worldwide, killing about 6 million people each
year. Cancer is classified as breast, skin, colon, lung, blood cancer, uterus, and prostate cancer
based on cell transfect ion and infection. Most crucially, the body's environmental interface and
the repercussions of direct exposure to a range of xenobiotics can contribute to the development
of cancer'**'*®, Cancer can be cured and treated with innovative drugs using treatments such as a)
surgery, b) chemotherapy, ¢) photodynamic therapy, and d) radiotherapy. However, these
approaches are accompanied by several negative side effects, including vomiting, nausea,
Cytotoxicity, disruption of body metabolism, weakening of the body's immune system, and bone

. 148,14
marrow suppression. ?

University of Hyderabad Page 20



Introduction & Literature Review Chapter-1

1.5.1 Types of cancer

Normal cells develop predictably. However, when cancer develops, a collection of cells begins to
multiply haphazardly and uncontrollably, generating lumps or tumours. A cancerous tumour
grows indefinitely can extended to other portion of the body. Broadly, cancers generally related to
life style. Breast cancer, cervical cancer, oral cancer, cancer of the bladder, eyes, pancreas,
colorectal, kidney, Esophageal, liver, lung, ovarian, prostrate, skin, stomach, thyroid, uterine,
laryngeal, testicular, etc. Among them Breast cancer is one of the largely frequent found cancer in
addition to triple negative breast cancer (TNBC) be the riskiest, because triple-negative breast
cancer cells absence of estrogens or progesterone receptors (ER or PR) and in addition absence of

HER?2 protein.
1.5.2 Path physiology of cancer

Cancer is a genetic disorder characterized by the complex combination of genetic and
environmental variables that regulate carcinogenesis.150 It is one of the most deadly illnesses
affecting the global population, accounting for 13% of all dead in 2008."" Cancer is a disease in
which standard cellular performance are disrupted.152 Cancer develop as a result of the gathering
of numerous genetic abnormalities and mutation that cause the loosening of signal control
pathways that control cell growth, death, and differentiation. Cancerous situations are caused by
the development of several gene mutations, which carried to the deregulation of signalling
systems that control cell division, death, with DNA repair.153 Tumour cells can divide and extend
in the lack of regular constraints one time these pathways be altered to eliminate the impacts of
cellular control. Common cells be capable of become tumour through a variety of definite
process. Almost all malignant cells have a modest number of acquired molecular, metabolic, and
cellular features that result from modifications in critical pathways, oncological research in the

latter half of the 20th century showed."”® Continued discovery of a specific mutation sites adding
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to the universal nature of cancer are based on the human genome that are common in many
different forms of cancer. Cancer can be results of oncogene activation or inactivation of tumour
suppressing genes, then impart the abnormal description that differentiate malignant cells'™
Proto-oncogenes, which are progenitors of oncogenes, are changed by dominant mutations,
imparting a gain of function to a normal cell such as proliferation. Fundamental cellular functions
such as metabolism, development, proliferation, and death in tumour cells are changed as an
effect of mutations in both gene type.lss’156 Henceforth, altered pathways allowing cancerous cells
to proliferate and form tumours nearby location. Cells can proliferate uncontrolled by evading the
regulatory effects many processes present in a cell, which are controlled by essential tumour

1 . .
suppressor genes and proto-oncogenes. 7 When local tumours spread and infect external tissues

in the body, they develop into carcinomas.

1.5.3 Causes of Cancer

As previously stated, several malignancies have been associated to repeated exposures or risk
factors, particularly in adults. A real threat factor is something so increases an individual’s
likelihood of contracting an infection. A cancer risk has not always reasoned the disease, but it
might decrease the body's resistance near it. Tumour is thought to be caused by the below

mentioned risk reason and mechanisms:

Lifestyle aspects: Tobacco intake, high-fat contains diet, as well as exposure to harmful
chemicals be all examples of way of life decisions that could be major risk factor for a diverse
reason of adult cancers. However, mainly kids with cancer are as well young to have been

exposed to these way of life variables for a long period.'”®

Some paediatric malignancies may be influenced by family background, heredity,

conditions : This is conceivable meant for cancers various types to occur several times in a
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family. In some cases, this is uncertain but the sickness is the result of a genetic abnormality,

along with exposure to toxins, and mixed of reason, or cleanly happenstance.'®

Some genetic disorders: Beckwith-Wiedemann and Wiskott-Aldrich diagnoses, for example,
have been linked to immune system dysfunction. The immune system is a vital organ
sophisticated method that protects. The bone marrow produces cells that grow and function as
part of the body's immune system. One theory holds that stem cells found in the bone stem
become damaged or defective, and when they double to make new cell, they generate cancer
cells. An inherent genetic defect or interaction to a pathogen or toxin might be the cause of stem

cell insufficiency.'”

Exposures to certain viruses: Certain paediatric malignancies, example Hodgkin's and non-
Hodgkin lymphoma, were found related to the Epstein-Barr virus & HIV, the virus that cause
AIDS. Then affected cell reproduces an altered cell, and these modifications eventually transform

into a malignancy cell that produces additional cancer cells.'®

Environmental hazards: Herbicides, fertilizers, and electrical wires were all been linked to
paediatric malignancies. Cancer has been reported among unrelated in some areas and/or cities. It
is uncertain if prenatal or new-born contact to these substances causes malignancy or

coincidence.'®!

Some high-dose radiation and chemotherapy treatments: who have been subjected to these
substances may provoke second cancer in certain situations. The effective anticancer drugs Cells
or the immune response can be modified. Cancer is a second type of malignancy develops as a

effect of treatment for another cancer.'®?
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Stress and
fatigue

Food habits

Figure 1.1: Schematic representation of Factors affecting the development of cancer

1.5.4. Cancer statistics (Indian & Global scenarios)

First and for most, the graph depicts the global incidence of female breast cancer. Different
malignancies are colour-coded on the chart. Breast cancer is denoted by the colour pink.' Breast
cancer is the most frequent malignancy among females globally. In 2018, an estimated 20.8 lakh
(2.08 million) women worldwide were diagnosed with breast cancer. In addition, breast cancer
accounted for around 24.2% of all malignancies in women. Breast cancer accounted for about

. 1
one-quarter of all cancers in women.'®
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Figure 1.2: Estimated numbers of new cases in 2018, worldwide, including females, and all

ages' 64(https://www. breastcancerindia.net/statistics/statglobal. html).

Treatment strategies for cancer

Radiotherapy is among the most used systemic therapies for early-stage breast cancer, as well as
its usage has improved the mortality of women who have been diagnosed. Non-specific systemic
administration, on the other hand, causes harm to normal unaffected tissue, resulting for both
short- and long-term poor outcomes such as heart problems and infertility. Considering this
nonspecific form and the issues that arise, there is an obvious and pressing need to develop novel
medicines that selectively target and kill cancer cells. The drug's homing, precisely to cancer

cells, decreases toxicity while increasing anticancer activity.

The cancer therapy alternatives are:

Surgery: The goal of surgery is to remove tumour or to remove as much it as possible.

Radiation therapy: Radiation therapy involves strong high - energy been of radiation including
such X-rays or protons to eliminate cancer cells. Radiation therapy can be given from one device
without the person (external radiation) or from inside the person (internal beam radiation). Bone

marrow transplant: Bone marrow transplant: Bone marrow is the material found within your
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bones that generates leukocytes from blood stem cells. A stem cell transplant, in form of bone
marrow transplant, individual or a donor's bone marrow bone marrow. Higher doses of
chemotherapy to cure your cancer followed by a bone marrow transplant.It has the potential to be

used to treat disease bone marrow.

Immunotherapy: Immunotherapy, also referred to as biological treatment, uses patients own
body's immune system to fight cancer. Cancer may spread uncontrollably in your body when your
immune system fails to recognize it as an invader. Immunotherapy can help your immune system

detect and battle cancer.'®

Hormone therapy: Hormone levels in your body can cause some malignancies. Two examples
are breast and prostate cancer. If such hormonal is withdrawn as from system or their activities

are prevented, cancer cells may stop growing.

Radiofrequency ablation: Electrical energy is used in this therapy to kill cancerous cells by
burning them. When radiofrequency ablation, a doctor will insert a thin needle through the skin or
an incision into the cancer tissue. High-frequency radiation passes through the needle, scorching

and killing the surrounding tissue.

Targeted drug therapy: The therapy using targeted drugs focuses on particular defects inside

cancer cells that allow them to survive.
Carbon nano dot synthetic techniques and characteristics

The processes used in the CDs synthesis of may be separated into two parts: top-down and
bottom-up techniques. The features of CDs' physicochemical and optical features, including
particle diameter, surface functional groups, doped, and PL emission, are governed by synthetic
techniques and materials. Top-down techniques focus on shrinking the beginning materials

created by plasma treatment, ' laser ablation, electrochemical oxidation,'®” and arc discharge.168
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Bottom-up methods rely on generating CDs from precursors in a inhibited environment to make
the CDs.Where most prevalent methods is pyl"olysis,169’170 hydrothermal pyrolysis, and microwave

pyrolysis are examples of bottom-up approaches.'”!
1.6 Carbon dots nanomaterials for therapy

Carbon dots (CDs), initially found in 2004, are a recent addition to the useful nonmaterial
category that comprises fullerene,'” nanotubes & grapheme.172 These part provide a quick review
of the CD structure and classification, followed by a description of the various methods used to
produce CDs and their advantages as well as disadvantages. Moreover, the part analyses the
conceivable processes discovered to describe photoluminescence, one of CDs' most valued
features. Then there are recent advancements in CD function such as sensing,'”” imaging,'’* nano

> along with optoelec‘[ronics174 are explored. The

medicine,” photo catalysis,"*® photovoltaics,"’
nano-sized luminous CDs are carbon-based nanoparticles with a surface passivation with a
diameter of less than 10 nm.'’® They have regarded novel kind of nanoparticle capable of
replacing semiconductor-related QDs.'”” Their adjustable emission spectra, chemical inertness,
and low toxicity contribute to this. Several investigations have shown that 8-10nm CDs have

great optical performance and are preferable in terms of low toxicity. 178-180

The shape of a CD is greatly impacted by the source content as well as the processing method.'”
CDs are often separated into three distinct zones depends on photoluminescence emission, as
illustrated. The Core part of CD is located in the centre and made up of sp2 hybridized graphene-

181 Difference of the core sp2 structure, as shown in Figure 1.12, have additional

like carbon atoms.
categorized Carbon dots may be converted as graphene quantum dots, graphene CDs, and

amorphous CDs.'*?
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Based on carbon nitride allotropes

Figure 1.3: Different types of carbon dots and their example

Graphene is an two-dimensional material with a single layer of carbon atoms linked by sp” hybrid
bonding,'® graphitic core carbon dots is constructed from layers of sp” hybridized carbon. In
addition to crystalline graphitic cores, other groups have produced carbon dots having extremely
elevated N doping level, implying that their cores are Carbon nitride formations that are graphitic
or crystalline in nature. On the other side amorphous carbon is a very common material carbon
dot structures and the topic of this study.'™ Variable quantities of a structure resulting in

structural chaos. In general, these amorphous CDs dimension below 10 nm in length and 0.5 to 5

185 185,186

nm in height.”™ The lattice gap between layers is typically 0.34 nm.

1.6.1 Carbon dot for imaging

CDs have demonstrated significant promise as probes for studying biological systems due to their
unique properties such like their surface tuning abilities functions, superior photostability,
brightness,Cytotoxicity, and impulsive penetration capabilities, making them particularly

attractive for biological imaging-related applications.'®’ Different types of cells or tissues, on the
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other hand, have distinct forms as well as structures associated biomarkers in the cytoplasmic or
on the membrane, resulting in different reaction to foreign p.articles.188 As a result, diverse cell
membrane lipids, proteins, targeted ligands, and biomarkers were used to manufacture specific
functional CDs for creating impacting ways in imaging applications.189 Therefore in section, we
first concentrate on three distinct important types CD-based cell imaging in vitro, especially

19091 5tem cell therapy,192 & neuron imaging,189 which enable the use of

cancerous cells imaging
CDs for that in vivo models, particularly in investigating cancer and neurological disease
research, diagnosis, and therapy, as discussed in the section on in vivo biomedical applications of

CDs. Furthermore, the imaging of organelles, like nucleus imaging,l%’194

imaging of
mitochondria and endoplasmic reticulum, and so on, % were reviewed, which will be useful in

understanding and studying organelle-related disorders.

1.6.2 Carbon dots for Treatment of cancer

Numerous studies investigated the potential use of CDs for cancer theranostic purposes, including
targeted anticancer drug delivery,196 photodynamic treatment,'”’ photo thermal therapy,'”’ and
gene transfer.'” This section highlights several in vitro as well as in vivo CDs for malignancy

applications.
1.6.3 Carbon dot for Biosensor

CDs may function as superb electron donors or electron acceptors. CDs were used to detect
chemicals such as DNA," thrombin,”® nitrite,””' glucose,” biothiol *** and pH*** by measuring
alterations in their fluorescence intensity under external physical or chemical stimuli. The surface
functional groups on CDs show unique affinities to various target ions, resulting in PL intensity
quenching via an electron or energy transfer mechanism and excellent selectivity to other ions.
Aside from using CD fluorescence as an analytical signal, current research has showed that CDs

have good chemi-luminescence (CL) and electro chemi-luminescence (ECL).205 CDs produced
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from onion juice and lemon to detect riboflavin (vitamin B2) in another investigation. The
selectivity of CDs for riboflavin detection was investigated with several compounds,

demonstrating that CDs were selective for riboflavin.**

1.6.4 Carbon dot for selective Detection of biologically relevant metal ions

Presence of metal ions are abundant in living organisms as well as engage for numerous key as an
example material movement, conversion of energy, transmission of information, and metabolic
control, rendering them necessary ingredients into human bodies. When there is a deficit or an
excess, they might create health difficulties. To comprehend, it is critical to detect and detect
metal ion accumulation in individual cells, organs, as well as complete organisms to improve
illness diagnosis and numerous metabolic processes.”’’ Among the different technologies
fluorescent sensors using organic dyes have been developed for metal ion detection gotten a lot of
interest because of their many benefits, including large quantum yield, simple alteration
procedures, and bio viability, as well as their simplicity of operation, enhanced sensitivity, quick
sensing speed, and also real-time detection.*” Here covers current advances in metal ion detection
and imaging in biological systems, such as Na*, Cu**, K*, Mg** Ca®*, Zn**, Fe**/Fe’*and, and

offers an view on the remaining obstacles in this field.

Sodium

In extracellular fluid, sodium is the most common cation. It helps to regulates blood volume,
pulse pressure, osmotic balance, and pH levels, also maintaining fluid and electrolyte balance.*”’
The differential in sodium and potassium ion concentrations between external as well as internal
fluid produces cell membrane potential, allowing the cell towards create an act potential.*'
Neurotransmission, Muscular contraction, and Heart function are all dependent on action

211
.

potentia Sodium absorption in the small intestine is critical for chloride, amino acid, glucose,

and moisture content. Na is also a crucial a component of the gastric juice®”, this is beneficial for
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digestion and absorption of nutrition. As a result, detecting Na+ ions are critical for both clinical

diagnosis and research.

Potassium

Whereas sodium one of the most abundant cations of mammalian cells, potassium also most
abundant cation within them, in animal potassium plays an important part in Balance of fluids and
electrolytes, acid-base homeostasis, and systemic blood pressure management, hormone
production and action, glucose and insulin metabolism, and neurotransmission. Potassium deficit
and abundance can both cause a variety of symptoms such as an irregular heart rhythm and
different electrocardiographic abnormalities.”'? Tt is critical to develop highly targeted and
sensitive detecting and image of physiological K* required for observing K*-related disorders and

comprehension of physiological and patho physiological processes involving K.
Calcium

Calcium is the fifth most prevalent element and the most common metal in human anatomy. The
99% of the calcium in the body is found in bones and teeth, with the balance of 1% present in the
bloodstream & soft tissue. They function as electrolytes for secondary messenger in cell-
signalling pathways "> modulating blood vessel constriction and relaxation, the transmission of
nerve impulses, muscular contraction & hormone production such as insulin. Furthermore,
calcium ions are required as a cofactor by several enzymes, including various coagulation
factors.”'* Ca2+ions, for example, are essential to activate seven "vitamin K-dependent"
coagulation proteins that regulate blood clotting. For optimal physiological functioning, calcium
contents in the blood or extracellular fluid are strictly regulated by the parathyroid glands and

214

vitamin D.”™ Because calcium's rise and fall is the biological clock that regulates the execution of

critical activities measuring [Ca™] changes at the cellular level is critical.*"?
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Iron

The most abundant element is iron prevalent metal with transition in the human body. It can exist
in two physiologically significant states: There are two stable states: ferrous and ferric (Fe**) and
(Fe**). Tron is required for several biological activities,”" including transport of oxygen, energy
generation, Cell development and replication, as well as DNA synthesis via iron-dependent
proteins. Heme containing enzymes (cytochromes a, b, and f oxidase, for example) contribute
with electron transportation and/or oxidase activity. Iron-sulphur cluster proteins (Fe-S) have

... . . . . . . . . . 216
critical functions in energy production, nucleic acid synthesis, replication, and repair.

Zinc

Zinc, among second most prevalent essential metal in humans after iron, is essential for
increasing and development, Immune function, neuro transmission, eyesight, fertility, and
intestinal ion transport are all affected.”'” The single metal ion is zinc among six enzyme families,
where zinc is required for the operation of nearly 300 catalysts.”'® In addition to 1000
transcription factors.”' Furthermore, zinc helps in structural role in numerous proteins, nuclear
receptors, for example, contain zinc finger binding sequences in their structure, allowing them to
bind to DNA and act as transcription factors to control gene expression. Zinc has been proven to
influence hormone production.””” Zinc deficiency in the diet has been linked to decreased child

growth and development, pregnancy difficulties, and immune system dysfunction.218

1.6.5 Selective detection of heavy metal detection

Anthropogenic heavy metal pollution has resulted in the polluting as well as oceans, waterways,
lake, and drinkable water an increasing care about one's health and safety.” This study concentrates
on the unique carbon dot optical nano probe for metal detection in water. And those
environmentally friendly CDs created from a variety of origins and are typically recognized

minimal chemical and biocompatibility characteristics.'® Certain heavy metal cations in water have
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221

high selectivity and nanomolar detection limits.” These low-cost C-dots have the capacity to be

useful to be used for In-sifu environmental assessments. As a result, they can a huge favourable
impact on environmental monitoring. Heavy metal ions present in aqueous systems above
acceptable limits are hazardous to humans and aquatic life example Al **, Mn*?, Co*%, Cu*, Cu*?,
Ni*, Cd**, As* etc. Previously mentioned heavy metals cannot be broken down. They accumulate

222

in living creatures either directly or indirectly through the food chain.”*” Metal ions in the body can

be transformed into more harmful forms or directly interfere with metabolic processes.”>> Metal

toxicity has resulted in a variety of illnesses and damage caused by oxidative stress caused by metal

224

ions.”" The toxic consequences of metallic pollution, along with the necessity for pure water for

survival and sanitation, have driven researchers to take every feasible action to maintain water
. 222 . . . .
quality.””” Various ways of detecting and removing metal ions from aqueous systems have been

explored in this respect.””

We will look at metal-free water and the methods utilized for quick
detection at low levels. The use of benign materials and methods for metal removal from aquatic
systems is also covered in detail. For detection, electrochemical techniques, particularly stripping

and cyclic voltammetry, are widely utilized ,**® but adsorption and ion exchange methods are

extremely successful for removal.
Cadmium

Cadmium (Cd) is mostly found in nature as a compound in various minerals. Cadmium has been

progressively manufactured since its discovery in the early twentieth century.227 Cadmium very

. . . . . . 228,229
commonly worn in the chemicals, electrochemical, electrical, and nuclear industries.

Cadmium 1is produced as zinc smelting by product. It mostly used for batteries, dyes, and its

230

absorbed crops more easily than some other heavy crops metals.” Where Adequate amount of

31

. . . 2 . . .
cadmium released into the surroundings as waste gas,” wastewater which resulting in

contamination. Cadmium is mostly released into the surroundings via exhaust gas & sewerage.
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Cadmium reaches the body through the bloodstream and rapidly accumulates in the liver and
kidneys.134 Cadmium is a known carcinogen that affects the function the number of catalysts
involved in DNA repair, multiplying cell mistakes and genetic mutations and ultimately leading

4
to cancer.

Arsenic

Arsenic commonly abundant element in nature, with variety of arsenic minerals identified.
Natural arsenic is mostly derived through the overuse sewage, arsenic-containing additives and
pesticides discharged from main industrial locations, and the oxidation of pyrite and
arsenopyrite.* The arsenic molecule found in nature, whereas arsenate is primarily found in, soil,

food and water.?*?

Arsenic is extremely toxic to the human body. It immediately affects the
human body's tiny artery and capillary walls and interferes with the vasomotor centre.
Furthermore, high levels of arsenic can disrupt cell metabolism, alter cell damage is caused by the
respiration and oxidation processes. Arsenic enters body via skin contact or wound. Long-term
exposure to arsenic can increase the risk of cancer, particularly melanoma, lung cancer, urinary

. 233
cancer, and liver cancer.

Manganese

Manganese (Mn) is a trace metal that is required by all forms of life. As a result, everyone
requires it for appropriate development, growth, and functioning.”>* Manganese traces are part of

a healthy diet. Excessive exposure, on the other hand, might cause hazardous effects.”

Keeping manganese in check might be difficult. Toxic levels for certain processes are
advantageous to others.”*® Excess manganese is more common in people than deficiency, since it
is present almost everywhere. Manganese is mostly deposited in the bones (40%) as well as the
liver, kidneys, adrenal and pituitary glands. 1 Some can be distributed throughout circulation and

easily penetrate the placental and blood-brain barriers.>’

University of Hyderabad Page 34



Introduction & Literature Review Chapter-1

Aluminium

In earth's crust aluminium is the third most abundant element in the nature.”*Aluminum is found
naturally in the atmosphere, water, and soil. Many parameters, including water pH and organic
matter concentration, have a significant impact on aluminium toxicity. Its toxicity rises as the pH
decreases.”’ The mobilization of harmful aluminium ions as a result of pH changes in soil and
water induced by acid rains and rising acidity of the surrounding atmosphere harms the
ecosystem. This is represented by forest drying, plant poisoning, agricultural decrease or failure,

aquatic animal mortality, and different imbalances in the functioning of human and animal
systems.240

Copper

.. . . . . 241
Most living organisms require copper (Cu) as a redox-active ion.” " Indeed, nature has used redox

cycle of Cu" and Cu** to carry out essential biological activities including Electron transfer

214

oxygen transport, and redox catalysis are all examples of redox catalysis.” " The usual sumof Cu”

242

content in human blood plasma is around 1 mg/L, or around 16 M.”* Total serum Cu levels in

243

humans are deemed normal in the range of 12.7-22.2 M .” The majority of Cu in plasma coupled

. . . . 2 24
with four separate carriers, generating discrete Cu®* pools.***

Cobalt

Cobalt (Co) is a naturally occurring hard, gray metal. It may be found in rocks, soil, water, plants,

animals, and humans. It can cause damage to the vision, the epidermis, the heart, and the airways.

. . 191
Sometimes cobalt exposure may result in cancer.'’

The dose, time, and task done all influence
the extent of harm. Cobalt is utilized in a variety of industries. It is found in instrument for
grinding and cutting, pigments and paints, colour glass, and surgical implants, batteries, and
certain electroplating. Its radioactive isotope is employed in medical imaging as well as food

. .. 28
irradiation.
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Nickel

Nickel is the 24 th most prevalent element in the Earth's crust and the 5th most plentiful element

. . . 244
by mass after iron, oxygen, magnesium, and silicon.

Nickel and nickel-containing compounds
have several industrial and commercial applications because to their chemical characteristics,
gloss, and inexpensive cost. Nickel is employed in a variety of applications due to its unique mix

of remarkable physicochemical features.>*® The widespread usage of nickel in different sectors, as

well as occupational exposure, has a detrimental influence on human health.**’

1.7 Antimicrobial activity and basic mechanism use of carbon materials for Antibacterial
activities

There has been an increase in latest years a desire to find and manufacture new antibacterial
compounds derived as of diverse sources of information overcome microorganism’s resistance. '
As a consequence, screenings for antibacterial activity and assessing approaches contain attracted
greater attention. Several bioassays are well-known, including disk-diffusion, well diffusion, or
broth or agar dilution recognized and extensively used. While others, including flow to
fluorometric and luminescent techniques generally utilized. Because they need specific equipment
and next examination for repeatability and uniformity, even if they are possible offer immediate

findings actions of the antibacterial agent and a deeper knowledge of their influence on cell

viability and damage done to cells.”
1.8 Motivation and problem definition of this work based on the literature review

Retaining the carbon dots bio-safe is a challenge in imaging, biological metal ion detection, drug
delivery, and heavy metal ions detection system. The preparation of carbon dots by synthetic
approaches and the development of nonporous capsules with porosity is not an easy
assignment.248 Extensive study work has been carried out on the synthesis of carbon dots based

biological application system and nano porous capsules with desired size and shape. Synthesis has
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been followed through without using any harmful surfactant or precursor.221 Synthesis of
harmless precursor-based carbon dots in a green synthesis approach 1o develop potential
carrier capsules as a payload for anticancer drugs and nano medicine. The development of
capsules with significant and superior qualities such as a wide and huge range of porosity has
been ignored and it’s a grand challenge to the scientific community to develop nano porous
capsules with good viability and with minimum side effects and less Cytotoxicity. Very few
reports are available on the capsules with target specific or organ-specific drug delivery and its
degradation or removal from the body after completion of its assigned work. To address this, the

current research work has been undertaken and discussed in the respective chapters.

Because of their enormous potential, nano-materials have been investigated for a variety of

246 There has been

biological applications, one of which is their usage as an antibacterial component.
continuous research to identify appropriate antibiotic medicines.”” Because of their antibacterial
qualities, metals and metal oxides such as Cu and Ag have been used for a long time. Nanoparticles
based on polymer, metal, metal oxide, and other materials are now gaining traction for usage in this
industry. Antimicrobial properties of NPs such as ZnO 7 (zinc oxide), GO (Graphene oxide)' ",
CuO *° (copper oxide), chitosan,131 SnO; (tin oxide),248 Agy0 (silver oxide),249 and others have been
documented and exploited. NPs, on the other hand, have unique features and have been seen to

210 It s

interact with the thiol group of enzymes, inactivating the biological activity of the proteins.
also observed that the oxide nanoparticles promote the production of reactive oxygen species (ROS),
which is thought to be the basis for their method of action against microorganisms. However, most
NPs are synthesized using a capping agent/surfactant for stability, which sometimes reduces
efficiency, increases cost, and lengthens the synthesis time. Antibiotics are currently crucial tools
during the fight against infectious illnesses. Although, the spread antibiotic tolerance, along with a
lack of freshly developed antimicrobial drugs, endangers to human and animal health.*” The rational

use of antibiotics is one of the most important techniques for combating antimicrobial resistance.”’

University of Hyderabad Page 37



Introduction & Literature Review Chapter-1

Factors influencing antibacterial activity have also been examined in this review. Consideration
bacterial status, inoculums size, antibiotic dosages, serum effect, or association with the patient gut
micro biota are among these considerations. Antibiotic host dispositions, including metabolism,
transport mechanisms, and diffusion between various hosts. These conclusions may be valuable in

developing higher potent clinical antibiotic treatment.

1.9. Objective and scopes of the dissertation

With the above-mentioned status and motivation, the objectives of the research are as follows:

Objective 1: Synthesis of seed derived carbon nanocapsules for cell imaging, depolarization of

mitochondrial membrane potential, and dose-dependent control death of breast Cancer.

Objective 2: Synthesize of carbon dots from kernel part of seed and study the Photoluminescence
mechanisms and applications in detection of biological relevant metal ions.
Objective 3: High temperature synthesized carbon dots and its absorption of heavy metal ions.
Objective 4: Revealing the structures of nano cellulose from Neem bark antimicrobial activity and
their application: an in vitro study.
1.10. Justification of the objective
% Carbon nano-capsules derived from neem seeds never been reported. These seed-derived
carbon nano capsules used for the cell imaging, depolarization of mitochondrial
membrane potential, and dose-dependent regulation of breast cancer have never been
reported. Therefore, the proposed work is novel. .

% Carbon dots for biological metal ion detection: Synthesize of carbon dots from kernel part
of seed: Photoluminescence mechanisms and applications in detection of biological
relevant metal ions also never been reported and the work reported here is novel.

% Carbon dots derived from Neem seeds and their uses in detection of heavy metal ion also

new.
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% Antimicrobial activity of the of the carbon materials obtained from Neem bark possess

antimicrobial activity and their applications reported is for the first time.

1.11 Organization of thesis

The thesis is categorized into five chapters namely, Chapter I Introduction & Literature
review; Chapter II Materials method & experimental process; Chapter III Results and

discussion which included another four sub-chapter Chapter IV Conclusion and future aspects.

Considering the overall thesis, the introductory Chapter I briefly describes the use of carbon dots
in various applications with a brief note on nanotechnology, applications of carbon dots, nano
medicine, and drug delivery system. Additionally, an overview of breast cancer, cell imaging,
breast cancer mortality is controlled by mitochondrial membrane potential and dose-dependent
control. Illustrate the existing literature on different types of carrier capsules for cell imaging,
mitochondrial potential, metal ion detection, and antimicrobial activity. Chapter II discusses
materials and procedures for undertake the reported study work; also consists of experimental
details for the preparation of carbon dots, nanocapsules, in addition to development and

characterization through the various instrumentation methods Chapter III

Part 1: Synthesis of carbon source from seeds nano capsules cell imaging, depolarization of

mitochondrial membrane potential, and dose-dependent control death of breast Cancer.

Part 2: Synthesize of carbon dots for kernel part of seed: Photoluminescence mechanisms and

applications in detection of biologically relevant metal ions.

Part 3: High-temperature synthesized carbon dots and their absorption of heavy metal ions.

Part 4: Revealing the structures of nano cellulose from Neem bark antimicrobial activity and

their application: an in vitro study.
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CHAPTER: 2

MATERIALS,SYNTHESIS METHODS,AND
CHARACTERIZATION TECHNIQUES
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CHAPTER: 2

MATERIALS, SYNTHESIS METHODS, AND CHARACTERIZATION

TECHNIQUES

In this chapter, materials, methods used to synthesize the samples, and experimental techniques

utilized to characterize the samples have been explained in detail.

2.1 Materials and Methods

2.1.1 List of chemicals used

The chemicals required for the synthesis of carbon dots were purchased from different suppliers
and used without further purification. The high-purity (99.8%) chemicals were used for the
synthesis of mesoporous carbon nanocapsules and carbon dots. Following is the list of chemicals
used to synthesize different types of mesoporous carbon nanocapsules and carbon dots for drug

loading and delivery.

Table: 2.1.Shows the list of chemicals required for the synthesis of different types of carbon

dots and the fabrication of mesoporous carbon nanocapsules.

S. No Name of the chemical Make Purity

1 MTT (Methylthiazol Sigma Aldrich -
tetrazolium)
2 FTTC Annexin V Sigma Aldrich -
Apoptosis Detection Kit I
3 PBS (Phosphate buffer Sigma Aldrich -
saline)
4 DEA(Diethyl amine) Sigma Aldrich 98%
5 Acetic acid SDFCL 99.5%
6 Hydrogen gas cylinder - -
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2.1.2. List of solvents used

Aside from the chemicals listed above, the following solvents are also necessary for the synthesis
of various types of carbon dots and the fabrication of mesoporous carbon nanocapsules. For 'H
NMR characterizations, CDCL; (Deuterated chloroform) was used as a reference solvent. The
anticancer medication (DOX) molecules were dissolved in dimethyl sulfoxide (DMSO). Some
solvents may contain impurities and must be purified using simple steam distillation and

fractional distillation procedures before being used in processes.

Table: 2.2. Shows the list of solvents required for the synthesis of different types of carbon dots

and the fabrication of mesoporous carbon nanocapsules.

S.NO Name of the solvent Make Purity
1 CH;0H(Methanol) SDFCL >99%
2 Acetone(CH;COCH;) SDFCL > 99.5%
3 Ethanol(CH;CH,OH) Merck 2999%
4 DMSO (Dimethyl sulfoxide) Sigma Aldrich 99.9%
5 IPA (Isopropanol) SRL 99%

6 CDCL; Sigma Aldrich 99.96%
7 PTA Sigma Aldrich 99.995%
8 diethylamine Sigma Aldrich 299.5%
9 Distilled Water - -
10 MQ water - -
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2.1.3 List of Drug used
Aside from the solvent listed above, the drugs are also necessary for study the biological activity of the

synthesized carbon dots and mesoporous carbon nanocapsules and their cumulative effect on the cancer

cells and comparatively normal cells.

Table: 2.3. Shows the list of anti cancer drugs used to load inside the pores of capsules to treat
various cancers.

S.No Name of the anticancer drug Make Purity

1 Doxorubicin hydrochloride (DOX) Sigma Aldrich 98.0-102.0%

2. 1. 4 List of glassware and consumables used
To synthesize the carbon dots and fabricate mesoporous carbon nanocapsules, several reactions

needtobeperformedandforthat, some apparatus and glass wares arerequired.

Table: 2.4. Show the list of glassware and apparatus required for the experimental procedure

to synthesize carbon dots and the fabrication of mesoporous carbon nanocapsules

S. No Glassware/Apparatus Make/Purpose
1 3 Neck round bottom flask Borosil/reactions
2 THEF distillation setup Borosil/solvent purification
3 Reflux mantle -

4 Water circulating pump -
5 Rubber septums -
6 Magnetic bead -
7 Hot plate cum stirrer -
8 Inert gas cylinder (Ar/Nj) -
9 Stoppers(L-Shape) -
10 Conical flasks Borosil
11 Syringes -
12 Micropipettes -
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13 Beakers Borosil
14 Whatman filter papers -
15 Glass slides -
16 Copper grids -
17 Balloons -
18 P" Paper/meter -
19 Support stand -
20 Funnels Borosil
21 Spatulas -
22 Tissue rolls -
23 Aluminum foil -
24 Coverslips -
25 Para film -
26 NMR tubes Proton
27 FACS tubes -

Most importantly, beakers, conical flasks, stirrers, inert gas cylinders, hydrogen gas cylinders,

magnetic beads, etc as mentioned in the following (Table 2.4).

Since some reactions are

complicated to perform for that fume hood and others safety precautions need to be taken.

2.1.5 List of materials used in cell culture

Aside from the glass wares and apparatus mentioned above, some of the following chemicals

(media) and consumables such as glassware, Petri dishes, etc. are required to conduct biological

experiments, such as for cell culture, cell treatment, apoptosis and cell cycle studies, including

western blotting analysis for protein expression and cellular imaging before and after cancer cell

treatment (Table 2.5).Cell-based experiments were extremely sensitive and accomplished

without contamination by employing a CO, incubator (at 37.4 °C and 5% CO, volume).
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Table: 2.5. Show the list of Materials required for cell culture and other cell-based studies.

S. No Materials for cell culture Make

1 Liquid nitrogen -

2 60 mm Petri plates Sigma

3 100 mm Petri plates Sigma

4 Glass culture dishes 35 mm diameter Sigma

5 RPMI Media(Gibco) 1640(1X) Gibco

6 DMEM(1X) Gibco

7 FBS Gibco

8 Antibiotic Antimycotic solution 100XLiq. Endotoxin Gibco
tested

9 PBS (Cell culture) -

10 Alcohol (Cell culture) -

11 6 Well plates Eppendorf

12 24 Well plates Eppendorf

13 Alcohol Spray bottle -

14 Cryo vials -

15 Syringe(1mL) -

16 0. 5 Micron filters -

17 Annexin-V

18 PI

19 Rhodamine 123

20 1x Binding buffer

2.1.6 List of cells used
Following list (Table 2. 6) cells are cultivated and utilized to test the killing efficacy and cellular

inhibition of anticancer medicines released from specially designed carrier capsules.
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Table: 2.6. Show the list of cells used for the cell culture and other cell-based studies.

S. No | Name of the cell Type of cell

1 MCF-7 Breast cancer metastatic adeno carcinoma.
2 MDA-MB-231 An epithelial, human breast cancer cell line.
3 Normal splenocytes From normal mice cell spleen.

2.1.7 Bacteria used for antibacterial activity

Following listed (Table 2.7) bacteria are grown and utilized for the antibacterial activity of the
synthesized mesoporous carbon nanocapsules and carbon dots to test the killing efficacy of
bacteria.

Table: 2.7. Show the list of bacteria used for the antibacterial activity

S. No Bacteria Supplier
1 E. Coli ATCC 25922
2 Candida Albicans ATCC 24433
3 Staphylococcus Aureus ATCC 25923
4 Klebsiella Pneumoniae ATCC 700603

2. 2. Experimental section
2.2.1. Collection of Neem seed and barks
The raw Azadirachta Indica (Neem) seeds and Kernel were collected from the plant of our

Institute‘s Farm House. The neem bark used in this study was obtained from a local market in the

adjacent biodiversity hotspot of Hyderabad, Telangana,India.
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2.2.2. Preparation of cake powder from seed, kernel & bark
Preparation of Mesoporous Carbon Nanocapsules (mCNCs).

The raw Azadirachta indica seeds were collected from the Institute campus and then cleaned,
dried, and kept in a hot plate for 24 hrs at 60 °C. The kernel part has been separated from the
seed part and grinded properly followed by calcinations at different temperatures (e. g., 250, 300,
350, and 400 °C), and then the calcinated samples were homogenized properly using a 1:1:1 ratio
of sodium meth oxide, diethyl amine, and methanol solution. 10 gram of the calcined sample was
taken in 50 mL of solution for homogenization. The mixture was thoroughly stirred for 24 hrs
(300 rpm) at 120 °C of bath temperature. After 24 hrs, the mixture was filtered, and the solute
part was dried at 80 °C. Then the samples were characterized through different tools. It can be
noted that the samples were designated as follows: SN-1, SN-2, SN-3, and SN-4 which were
calcined at the temperatures of 250°C, 300°C, 350°C and 400°C, respectively. The detail of the
synthesis method has been filed for Indian patents (application no. : 202011018557, dated 30

April 2020).
Development of carbon-dots from Kernel part of Neem seed:

The raw kernel part of Neem seeds and CDs were synthesized by the pyrolysis method. As
received Neem seed’s kernel parts were separated and then kept in a hot plate for 24 h dried
properly followed by calcinations at 350C (KS-1),400C (KN-1), and 450'C (KN-2).
Carbonization of the kernel part of Neem seeds was then grinded properly. Then purified Carbon
dots CDs were transferred to the vial and stored for further characterization. It can be noted that
the details synthesis method has been filed for Indian patents (Ref No: 202111060434, Dated: 23

rd December 2022).
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Preparation of nanocellulose nanofibers from the Neem bark:

Azadirachta indica in its natural state bark was washed, dried, and stored on a hot plate at 60 °C
for 24 hours. By mixing lingo cellulosic bio-mass at 70-80 °C using distilled water, sodium
chlorite salt, and acetic acid for 10-12 hours bulk of lignin and other components was extracted by
adjusting the pH With Acetic acid, and sodium chlorite in each hour. After the overnight stirring,
the mixture is washed with distilled water until it reaches a neutral pH And the obtained product
was dried at 50°C in hot air oven and the solid products was collected. Acid hydrolysis is a
common technique for obtaining nano cellulose from cellulosic material. Sulphuric acid is the

most often utilized acid.

2.2.3. Biohazards and their handling

Carcinogenic and hazardous materials must be handled with caution following the material safety
data sheet (MSDS). Because phosphotungstic acid (PTA) is detrimental to health, proper care
must be followed while adding it to carbon capsules and neem seed and bark-derived samples.
All chemicals and samples that were temperature and light-sensitive were protected with in
aluminum foil and stored in a dark room. Inside the fume hood, reactions involving carcinogenic
and dangerous substances were transmitted to reaction chambers. Following the immediate
delivery of chemicals from suppliers, the chemical bottles were put in a plastic freezer bag and
kept in the freezer at -4 °C and -20 °C (per storage instructions). To avoid contamination, gloves
and an apron were used during the experiment.Contact items are thrown away in biohazard
garbage. Chemical waste and unwanted solutions and solvents were properly disposed out in

according to local authorities’ guidelines.
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2.3 Instrumentation
Below is mentioned list of equipment to characterize the samples.
2.3.1. Synthesis of carbon dots was confirmed by

2.3.1.1. FTIR: Functional groups identification

2.3.1.2 NMR (Nuclear magnetic resonance) (lH) chemical structure.
2.3.2 . Morphology and other physical properties

2.3.2.1. FE-SEM (Field emission scanning electron microscope)
2.3.2.2 TEM (Transmission electron microscope)

2.3.2.3 AFM (Atomic force microscope)

2.3.2.4 BET (Brunauer-Emmett-Teller)

2.3.2.5 DSC (Differential scanning calorimetry)

2.3.2.6 TGA (Thermo gravimetric analysis)

2.3.2.7 XRD (X-ray diffraction)

2.3.2.8 DLS & Zeta Potential

2.3.2.9 Multimode plate reader

2. 3. 2. 10 Fluorescence Spectroscopy (FL)
2. 3. 3. Biological studies

2.3.3.1 UV-Visible: (Drug loading and release)
2.3.3.2 LSCM (Laser scanning confocal microscopy)
2.4.3.3 MTT: Cytotoxicity and cell viability studies
2. 3. 3.4 Flow cytometry (FC) cell cycle and apoptosis
2. 3. 3. 5. Fluorescence microscopy

2.3.3.6 Cell culture
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2.3.1.1. FTIR: (Fourier transform infrared) Spectrometer

The functional groups of mesoporous Carbon Nanocapsules and carbon dots were described using
the Nicolet model Impact-410 model, Infrared spectroscopy, which operates in the infrared area
of the electromagnetic spectrum. Based on absorption, IR may be used to discover and study
inter-conversions, exchanges, and the synthesis of new functional groups in chemical compounds.
It is a typical laboratory device that is extensively used for early confirmation of reactions'
beginning or results.It has a substantial advantage over a dispersive spectrometer, which measures
intensity over a limited range of wavelengths at one time. The purpose of absorption
spectroscopy is to determine how efficiently a sample absorbs light at different wavelengths. The
most basic method is dispersive spectroscopy, which involves shining a monochromatic light
beam at a sample, measuring how much of the light is absorbed, and repeat for each different

wavelength.
2.3.1.2 NMR (Nuclear magnetic resonance 1H)

The chemical structure and formula of organic and polymer samples were characterized using
Bruker DPX'H NMR. The NMR samples were dissolved in moisture-free CDCl; at 25 °C. The
type and position of photons were confirmed through 'H NMR, more broadly speaking for the
chemical structure and formula of compounds.However, spectroscopic techniques are categorized
which define the interaction between electromagnetic radiation and matter. The 'H NMR spectra
include several signals which mean how many different types of hydrogen atoms are there in a
molecule. Relative areas under signals represent about how many hydrogen’s of each type are
there in the compound and the splitting pattern gives information about how many neighbouring
hydrogen atoms are present in the chemical compound. The NMR activity towards the element or
molecule completely depends on the nuclear spin.NMR spectroscopy is a physicochemical

investigation technique based on the interaction of radiofrequency radiation delivered externally
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with atomic nuclei. During this contact, there is a net exchange of energy, which causes a shift in
nuclear spin, an inherent feature of atomic nuclei. During this contact, there is a net exchange of

energy, which causes a shift in nuclear spin, an inherent feature of atomic nuclei.
2.3.2.1. FE-SEM (Field emission scanning electron microscope)

The morphology, size, and form of carbon dots and mesoporous nanocapsules were examined
using an FE-SEM at 15 kV accelerating voltage. The installation of an energy-dispersive X-ray
detector (EDAX) in conjunction with digital image processing is a valuable tool for studying the
material's elemental composition analysis.The FE-SEM generates clearer, less electro-statically
distorted pictures with spatial resolution as low as one, which is three to six times better than the
conventional microscope. With the little electrical charge of the samples, excellent quality, low-
voltage pictures are generated. FE-SEM requires a high chamber vacuum mode (10™'° to 10"

torr) during operation.
2.3.2.2 TEM (Transmission electron microscopy)

TEM analyses were performed with an FEI-Technai G2 S-Twin TEM instrument (acceleration
voltage of 200 kV). Carbon-coated copper grids have been used for the sample preparation. IPA,
distilled water, and methanol were the main solvent used for the disperse Preparation of carbon
dots, and mesoporous carbon nanocapsules.Based on the dispensability, synthesized solvents
were used to disperse a pinch of powder sample was dispersed in 1 mL of propanol and then
drop-cast on carbon-coated Cu grids (200 Mesh) followed by drying at 25 °C. Further, a drop of
PTA stains (2% of phosphotungstic acid) was added to the Cu grid and kept for 15 s.TEM is a
microscopic method in which an electron beam is delivered through an ultra-thin specimen,
reacting with it as it goes through, and a picture is created as a result of the interaction of the
electrons transmitted through the material. Imaging equipment is used to magnify and concentrate

the image.In comparison to light microscopes, TEM is capable of imaging at very high resolution.
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It produces images that are tens thousands of times smaller than that of the smallest resolvable
object in a light microscope. TEM characterization provides information about the sample's micro
and nanostructure upon imaging, as well as crystal structure, de-spacing, and pattern of the
nanostructure. The absorption of electrons on the surface of the specimen sample or substance
causes contrast. The brightness and contrast of a substance are determined by its thickness and

composition.

2.3.2.3 AFM (Atomic force microscope)

The surface topography was investigated using an atomic force microscopy INTEGRA Aura
model (NT-MDT, Russia). In general, atomic force microscopy is classified as SPM, which uses a
mechanical probe to scan the surface of a material. Monitoring the scanning probe scans the
surface topography. AFM is made up of a cantilever with a nanometre-sized tip (size 10nm).
When the tip is brought closer to the sample surface, the forces between the tip and the sample
create cantilever deflection. The laser shined on the cantilever surface measures the deflection in
the cantilever. The photodiode records the laser's deflection, and the differential amplifier
collects the output signal. Feedback control is used to regulate the tip's height above the surface,

resulting in a topographic map of the surface.

Sample separation: A carbon samples solution was diluted and drop-casted onto mica sheets, and

the surface topography was scanned. The sample was scanned in non-contact mode.

2.3.2.4 BET (Brunauer-Emmett-Teller)

The micromeritics Tristar-II 3020 model equipment was used to determine the BET surface area,
Langmuir surface area, capsule/particle thickness, and porosity of the sample (Version 2. 00 unit).
All of the above parameters, including specific surface area, were determined using nitrogen (N»)

gas adsorption-desorption isotherms. Well-dried and measured (amount of sample) samples were
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put into sample tubes and linked to a heat chamber to remove moisture from the samples under
evacuation circumstances, followed by the samples' optimal temperatures. The dried samples

were fed into the BET device to get sample data.
2.3.2.5 DSC (Differential scanning calorimetry)

The TAQ200 model (Waters, Milan, Italy) DSC instrument was used to determine the heat flow
of (mW) studies such as endothermic (heat require) and exothermic (heat release) from samples to
observe the melting temperature (Tm) or glass transition temperature (Tg) of a material,
particularly polymeric samples. DSC studies on polymeric materials were carried out in an N,
gas environment from 30 to 600 °C at heating and cooling speeds of 10 °C min "'. The DSC is a
Thermo analytical method that measures differences as a function of temperature. During the
experiment, both the specimen samples and the reference samples are kept at about the same
temperature. In general, the temperature program for a DSC study is constructed so that the
temperature of the sample holder increases linearly as a function of time. The reference sample
should have a well-defined heat capacity over the temperature range being scanned. The DSC
instrument, most crucially, may be used to determine the following properties: (a) glass transition
(Tg), (b) melting temperature (Tm), (c) heat of fusion (Hy), (d) percentage of crystallinity, and (e)
crystallization kinetics and phase transitions. DSC instruments are made up of four main
components that are used to examine the thermal characteristics of samples such as (1) furnace,
which is the main assembly where the specimen sample and reference are heated according to the
temperature program, and (2) auto sampler unit, which works to load and unload the pans as
needed. (3) A cooling system or unit that allows the sample to be cooled and assists in archiving
the desired temperature program and (4) A computer that serves as an interface between the user
and the instruments and enables automated control of the instrument based on the program

parameters.
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2.3.2.6 TGA (Thermo gravimetric analysis)

Mesoporous carbon nanostructure samples were studied using a Thermo ONIX Gaslab 300 TGA
equipment to determine the thermal stability (degradation and breakdown temperature) of carbon
dots. The temperature scanning range for carbon samples is adjusted at 30 to 800°C in N,
atmosphere with a heating rate of 10 °C/min. TGA measures the quantity and rate of change in a
material's weight as a function of temperature or time in a controlled environment. Measurements
are typically used to identify material composition and forecast thermal stability at temperatures
up to 1000 °C. This method can describe materials that lose or increase weight owing to
breakdown, oxidation, or dehydration. TGA accurately determines endotherms and exotherms in
terms of weight lost during the heating and cooling processes. The procedures involved in sample
preparation for TGA as well as its benefits are, sample preparation has a major influence on
acquiring excellent quality data, it is proposed that increasing the surface area of the sample in a
TGA pan enhances resolution and repeatability of weight loss temperature, samples weight affects

the accuracy of weight loss data, normally 10 to 20 mg of sample is considered.

2.3.2.7 XRD (X-Ray Diffraction)

Bruker D8 Advance powder X-ray diffractometer was used to analyze the crystal structure and
solid state (amorphous, crystalline, and semi-crystalline nature) of the mesoporous carbon
nanocapsules samples (XRD). XRD is mostly used to determine the phases of samples in unit
cell dimensions. The crystalline sample contains information at the unit cell level, including
significant parameters such as the crystal's lattice, space group, and point group. The XRD

apparatus was designed mostly on Bragg's equation

ni = 2d Sin6 (eqno 1)
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A crystal is defined by the periodic organization of a unit cell into a lattice for the formation of

crystal. Crystalline materials are layered at different atomic planes to forma crystalline structure.

2.3.2.8 DLS and Zeta Potential

The hydrodynamic particle size of the samples was measured using the DLS method and the
Mastersizer 3000 equipment (Malvern Instruments). The rate of particle diffusion in Brownian
motion is size dependent. The instrumentation section deals with the laser illumination of
suspended particles. At a scattering angle, the change in the scattering of the incident laser is
calculated. The Stoke-Einstein relation describes the relationship between the diffusion

coefficient recorded by the instrument and particle size Stoke-Einstein relation.

Where ,Dy=KgT/31InD; (eqno 2)

Dy, is the hydrodynamic diameter,

D, is the translational diffusion coefficient,

Kg 1s Boltzmann’s constant,

T is thermodynamic temperature, and

n is Dynamic viscosity

The velocity of the particles owing to electrophoresis determines the zeta potential of the sample.
Under applied force, a particle with zeta potential tends to move toward an electrode. The
particle speed is evaluated using laser Doppler electrophoresis, and the theoretical zeta potential

of the samples is obtained.
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2.3.2.9 Multimode plate reader

A multimode reader is sometimes known as a plate reader or a multimode reader. Cell inhibition
using our created nano formulations (anticancer medicines inserted inside the pores of the micro
and nanoporous capsules) was examined using the MTT test on a Bio Teck Synergy H4 model
multimode reader to determine the percentage of cell survival (viability). The anticancer
medicines doxorubicin hydrochloride (DOX) was loaded into 96-well plates and utilized to test
cell viability and cell inhibition in triplicate. For cell-based research, four distinct cell lines
(MCF-7, MDA-MB-231) were employed. A photoluminescence (PL) study was performed on the

microplate reader.

2.3.2.10 Fluorescence Spectroscopy (FL)

HITACHI F-4600 fluorescence spectrophotometer was used to record the fluorescence spectrum

of a hierarchical self-assembled zinc phosphate nanostructure.

Fluorescence spectroscopy examines the sample's fluorescence. UV light is typically employed
for these experiments, which entail the lighting of light on the material. Fluorescence
spectroscopy is concerned largely with electronic and vibration states. By absorbing photons
during illumination, the fluorescence species are stimulated to a higher energy level from the
ground state. This excited molecule then returns to its ground electronic state, causing pictures to
be emitted. In fluorescence spectroscopy, the energy and frequency of the emitted pictures
change depending on the sort of excited molecules. The fluorescence spectroscopy apparatus
comprises a light source (Xenon arc and mercury-vapour lamp) as an excitation source. A
monochromatic control the wavelength of light, while the detector detects the wavelength of light
emitted by the sample. The excitation light is kept constant during the collection of emission

spectra, and the spectrum is canned for emission.
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2.3.3. Biological studies

2.3.3.1. UV-Visible: (Drug loading and release)

The absorbance of released drug molecules was determined using a Perkin Elmer ((lambda-750)
type UV-Vis-NIR spectrometer. The medication (anticancer) loading is mostly determined by the
surface area of the particle or capsules and pore size (pore width and depth). Along with porosity,
several aspects must be considered while calculating the number of drug molecules loaded, such
as interactions between drug molecules and capsules such as Vander Waals, electrostatic, dipole-
dipole, and forces induced by everlasting techniques. Most notably, bigger pores have higher
loading efficiency than smaller pores. The amount of drug loaded and released was determined
using the excitation and emission values of the drug. UV (ultraviolet) wavelengths range from
180 to 400 nm, visible scanning wavelengths range from 400 to 600 nm, and NIR (near infrared)
wavelengths range from 600 to 3000 nm, with medication molecule (DOX) showing excitation
(max) at 530 nm. At 530nm, an absorbance calibration curve against varied concentrations of
pure DOX was obtained. There are three detection modalities for UV-VIS-NIR: transmittance,
absorbance, and reflectance. Based on our needs, we must select one of the modes listed above

for the UV-VIS-NIR examination.

The amount of drug loaded and released was determined using the excitation and emission values
of the drug. For example, UV (ultraviolet) wavelengths range from 180 to 400 nm, visible
scanning wavelengths range from 400 to 600 nm, and NIR (near infrared) wavelengths range
from 600 to 3000 nm, with medication molecule (DOX) showing excitation (max) at 530 nm. At
530 nm, an absorbance calibration curve against varied concentrations of pure DOX was
obtained. There are three detection modalities for UV-VIS-NIR: transmittance, absorbance, and
reflectance. We must select one of the above-mentioned modes for UV-VIS-NIR analysis based

on our needs.
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2.3.3.2 Confocal laser scanning microscope (CLSM)

Using a Zeiss LSM 700 model laser scanning confocal microscope, we performed fluorescence
microscopy imaging for capsules filled with live cell imaging after the treatment. To examine the
cellular interaction with anticancer drug molecules, a medium (5ul) was dispersed on a glass

slide and covered with a cover slop to prevent sample leakage.

The entire specimen is drenched uniformly with a light source in a normal wide-field fluorescence
microscope. The microscopes or cameras detect the ensuing fluorescence from all areas of the
specimen in the optical path, including a huge unfocused background region. In contrast, a
confocal microscope eliminates out-of-focus signals by using point illumination and a pinhole in

an optically conjugate plane in front of the detector; the term "confocal" comes from this design.
Sample preparation:

MCEF-7 and MDA-MB-231 cells were seeded on glass culture dishes (35 mm diameter) for 24 h.
Then culture medium was replaced with fresh media (2. 5 mL) containing (800 pg mL ™) and
then incubated for another 24 h at 37 °C under 5% CO2. Then the treated cells were washed three

times with PBS (pH = 7. 4) and examined through the confocal laser scanning microscope

(CLSM) at a fixed excitation wavelength of A = 405, 488, and 514 nm.
2.3.3.3 MTT: Toxicity and cell viability studies

The MTT test was used to assess the biocompatibility of nanocapsules and drug-loaded

nanocapsules. The cell lines utilized in the MTT experiment for biocompatibility are as follows:

Study the Cytotoxicity by MTT Assay: Cytotoxicity effect of the synthesized carbon nanocapsules
the MTT assay was performed separately on normal splenocytes, MCF-7 and MDA-MB-231.
Isolated splenocytes were seeded in 96-well culture plates and kept in a CO; incubator for 24 h at

37-C in 5% CO;. Similarly, MCF-7 and MDA-MB-231 cells were seeded separately in another
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96-well plate and incubated for 24 h. The treatment with mCNCs with different concentrations
such as 1,0. 5, 0.25, 0. 125, and 0 mg. .mL™?! (control) was performed for 48 h. Then, the freshly

prepared 10 uL. of MTT solution in PBS was added to each well of the 96-well plates and
incubated for 6—7 h at 37 °C with 5% CO2. To collect the prepared formazan crystals by viable
cells, plates were centrifuged at 1200 rpm for 8 min and the supernatant was removed, and then

DMSO was added to each well to dissolve formazan crystals. Then the absorbance was acquired

by ELISA reader 595 nm.
2.3.3.4 Flow cytometry (FC) cell cycle and apoptosis

Cell sorting and counting are important tasks in biotechnology, biomedical, biophysical, and other
medicinal domains. Flow cytometry from BD Biosciences has been used to investigate cell-based
topics such as cell cycle and apoptosis. Flow cytometry uses FACS (fluorescence-activated cell
sorting) to identify cells suspended in a stream of fluids and going through an electron detection
device.The FACS method is commonly used to examine proteins, intracellular proteins,
membranes, and nucleic acids like DNA. To analyze and collect data, the FC BD-FACS Diva

program was utilized, which is a very adaptable package, designed for cell cycle and apoptosis.

Sample preparation: MCF-7 and MD-MB-231 cells were treated with carbon nanocapsules
separately and then analyzed the percentage of apoptotic/dead cells. Before treatment, 1 X 10°
breast cancer cells were cultured into a 6- well culture plate for 24 h. After that, the samples were
added and incubated for 48 h, and then analyzed the percentage of apoptosis and necrotic cell
death. Cells were taken after trypsinization and washed with cold PBS (pH 7. 4) and removed the
supernatant. Subsequently, cells were resuspended in 100 L per sample with 1x binding buffer.
Further, cells were incubated with 5 uL of each annexin-V and PI solution and gently swirled to
mix in dark conditions at room temperature. To measure the mitochondrial membrane potential

(MMP, Aym) through flow cytometry, rhodamine 123 dye was used. Rhodamine 123 (Rh-123) is
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a green-fluorescent cationic dye that permeates cells and exclusively labels the respiring
mitochondria without cytotoxic effects.Rh-123 is widely used to evaluate the magnitude of
mitochondrial membrane potential to measure the population of apoptotic cells.”* A total of
10,000 cells were acquired from each sample to analyze the apoptosis and MMP, Aym by BD
FACS Caliber flow cytometry.

2. 3.3.5 Cell culture

Isolation of Splenocytes. Pathogen-free BALB/c (8—10 weeks old) was used for the isolation of
the spleen. Mice were sacrificed after the treatment of anesthesia (diethyl ether). Spleens were
removed and collected into the chilled PBS (pH 7. 4). Then spleens were minced using a hand
homogenizer and single cells preparation was done with PBS buffer (pH 7) containing 2% FBS.
After that, splenocytes were washed three times and cells were counted using a hemocytometer.
Cell Culture and Maintenance: MCF-7 and MDA-MB-231 cells were cultured in DMEM

medium supplemented with 10% fetal bovine serum (FBS) solution, 100 I. U. mL™? penicillin,

and 100 pg/mL streptomycin. The culture was performed in a CO, incubator with humidified air

at 37. 4 °C with 5% CO, supply according to our standard method.””

Bacterial culture & Disc diffusion Method: Antibacterial activity checked through MIC and
inhibition zone technique. To estimate the bactericidal impact of Neem bark harmful bacteria,
disk diffusion and MIC test were carry out using E.coli''Y(ATCC-25922), Candida

Albicans254(A TCC-24433),Staphylococcus Aureus99(ATC C-25923),and Klebsiella

pneumoniae™ (ATCC-700603 )strain. In this study, MIC was obtained using the broth dilution
technique where multiple concentrations of nanofiber were added in a 10D of grown microbes. It
should be mentioned that seven various doses were investigated after combining the nutritional
broth and incubated for 24 hours at 37 °C to determine the Minimum inhibitory concentration: 2.5
mg/ml, 1.25 g mg/ml, 0.625 mg/ml, 0.312 mg/ ml, 0.156 mg/ml, 0.07 mg/ml, 0.03 mg/ml. The

MIC value was determined to be the lowest concentration that precluded significant growth. The
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nanofiber MIC result was compared to the outcomes obtained by utilizing nanofiber individually.
Continuing the MIC value was determined to be the lowest concentration that precluded
significant growth. Ultrasonication was used to distribute these nanoparticles in distilled water.

The aqueous dispersion of the necessary concentration of neem bark nanofibers was created.
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CHAPTER-3

RESULTS AND DISCUSSION

3. 1 Results and Discussion: Part-1

Synthesis of seed derived carbon nanocapsules cell imaging, depolarization of
mitochondrial membrane potential, and dose-dependent control death of breast
Cancer.

3. 2 Results and Discussion: Part —I1

Synthesize of carbon dots for kernal part of seed: Photoluminescence mechanisms
and applications in detection of biological relevant metal ions.

3. 3 Results and Discussion: Part —I11

High temperature synthesized carbon dots and its absorption of heavy metal ions.

3. 4 Results and Discussion: Part -1V

Attempt to reveal the structures of cellulose from bark Neem antimicrobial activity
and Their Application: An in vitro study.
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RESULTS AND DISCUSSION: PART -1

Synthesis of Seed Derived Carbon Nanocapsules Cell Imaging, Depolarization of
Mitochondrial Membrane Potential, and Dose-Dependent Control Death of

Breast Cancer.

Depolarization
APm2 <APm1)

'S

Azadirahta Indica

(Seed) Ym2

Apoptotic
Cell Death

The outcome from part I: The results discussed in Part-1, have been publishedas “Azadirachta
indica Seed Derived Carbon Nanocapsules: Cell Imaging, Depolarization of Mitochondrial
Membrane Potential, and Dose-Dependent Control Death of Breast Cancer”’ACS Biomater.

Sci. Eng. 2022, 8, 8, 3608-3622.
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RESULTS AND DISCUSSION:  PART -1

Synthesis of Seed Derived Carbon Nanocapsules Cell Imaging, Depolarization of

Mitochondrial Membrane Potential, and Dose-Dependent Control Death of Breast Cancer.
3.1.1 Introduction & Motivation

A special type of nanoparticles exhibited fascinating properties for their usages in theranostic
applications.”®**® These nanoparticles possess the potential for molecular imaging and are effective
in the treatment of the infected cells together with better molecular understanding.® Further the
advantage of these NPs are: (1) they can monitor the response of the treatment very precisely, (2) can
avoid the unnecessary side effects to the patients, and (3) they are potential for the cost effective
treatment and ease the treatment procedures.””® Another advantage of these NPs to use in theranostic
applications, especially for cancer therapy, is that the cancer growth can be controlled even in the
diagnostic steps and in the subsequent steps it becomes easier to treat cancer.”®>** Apart from the
nanoparticles, the biologically engineered cells can also be used for theranostic applications.®*
However, every material proposed to use in theranostic applications faces various challenges that
must be overcome for safer clinical usages.”® For instance, cancer cells grow faster and create leaky

vascular systems in the surrounding tissues, and for the effective treatment with conventional
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chemotherapy drugs, the highly efficient drug delivery vehicles with enhanced permeability and
retention (EPR) are required.”®*?*” Developing such suitable material is always a challenging task. In
the early stage of the concept ‘theranostics’, the fluorophore (or fluorescent component) was usually
attached with the drug delivery vehicles loaded with therapeutic components for the diagnostic
purposes and it was found the progress was very slow. We should also note that the cancer cells
can efficiently interact with the surrounding immune cells, endothelial cells, neovasculature and
fibroblast. Further, they develop dangerous survival strategies with eight hallmarks, such as, (1) self-
sufficiency with growing signal, (2) evasion of apoptosis, (3) inactivate the antigrowth signal, (4)
sustained angiogenesis, (5) metastasis, (6) rapid replication, (7) deregulation of cellular energetics
and finally (8) escape from immune regulation.”®!3*!57288 The cancer cells can also develop severe
genome instability and tumour promoting inflammation.*®® Therefore, in such a situation a better
understanding of theranostics is required and it demands suitable materials to be developed for these
purposes.

Various nanomaterials have been developed to address the therapeutic problems, especially for the
cancer diagnosis, monitoring and for the treatment. These nanomaterials along with drugs and photo-
sensitive materials (all together make formulation) enable to enhance the treatment with safety to an
extent. Such as, super paramagnetic nanoparticles can enhance the MRI contrast,”’*?"' CNTs '™

273

enhance the quality of photo acquoustic image,”’* inorganic (Ag NPs) *”® and other carbon-based

materials >"**" including graphene increase the photo thermal effects,”’®and photo thermal properties

of polymers 7?7

enhance the effective gene delivery to the target for multiple therapies including
suppression of tumours.””**” However, all these materials have their own advantages and
disadvantages with respect to the cytotoxicity and photoluminescence/emission properties and suffer
many challenges for effective treatment. In this line, the present work is focused on the designing of

carbon-based mesoporous nanocapsules from biological response/naturally occurring component

with high biocompatibility and for the theranostic applications.

Herein, we report on the easy synthesis of mesoporous carbon nanocapsules (mCNCs) that from
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Azadirachta indica seeds. The process reported here is cost-effective with excellent viability towards
normal healthy cells and it is useful for theranostic applications such as for the cancer diagnosis is
and treatment. Azadirachta indica belongs to mahogany Meliaceae family, known as Neem and is

famous for medicinal purpose and Ayurveda.?®*?*! In the last few years, different plant extracts are

1,254 1,283

also used for different medicinal purposes such as antifunga antibacterial,***antivira

insecticidal®®* antimicrobial 2%

activity, bio-imaging, and apoptotic activity. To perform our work, a
series of mesoporous carbon nanocapsules have been prepared from “Azadirachta Indica” seeds and

their cytotoxicity against the cancer cells has been tested.

The theranostic efficiencies, especially the imaging and treatment of cancer cells, such as normal
breast cancer and TNBC have been investigated. To study this, the MTT assay, mitochondrial
membrane potential, and Annexin V apoptosis assay were performed and the biological significance
for the treatment has been demonstrated. It can be noted that the change in the mitochondrial
membrane potential (MMP, Aym) is the primary symbol to determine the change in physiological
parameters and cellular metabolic energy of the cancer cells.?®® Through the interaction of mCNCs
with MCF-7 and MDA-MB-231 (TNBC cells), how the mitochondrial membrane potential takes role
that has also been investigated using different doses of mCNC:s. It can also be noted that the Aym
has a vital role in monitoring the mitochondrial actions, since it demonstrates the control of electron
transportation and oxidative phosphorylation to create the driving force behind ATP generation,*'

which has also been investigated thoroughly in this work.

To perform a routine activity of the cell, the level of (Aym) and ATP should be relatively stable, albeit
the controlled fluctuation of Apms and ATP also results in regular physiological activity.”®” Nevertheless,
the steady alter in both these factors may be detrimental to the cell viability against the MCF-7 and
TNBC (MDA-MB-231) that have also been explored through this work. Further, how the Aym is
inevitable for the upkeep of cellular health and viability for both MCF-7 and MDA-MB-231, once the
MCNCs have interacted, has also been studied. The reduction of MMP (A{ms) occurs before the

chromatin condensation, and DNA break (characteristics of nuclear apoptosis) is regarded as the earliest

University of Hyderabad Page 67



Results and Discussion: Part [ Chapter-3

incident in the apoptotic cascade, which also has been explored through this work. Interestingly, in this
work, the cancer cell killing efficiency of mCNCs have been studied without using/loading any
conventional chemotherapy drugs.

3.1.2 Results and discussions

3.1.2.1. Morphological characterization

The mesoporous carbon nanocapsules (MCNCs) were synthesized from Azadirachta Indica seeds
as the carbon source as described in the experimental section.The morphology and structure of the
mCNCs were scrutinized through HRTEM. From TEM macrographs (Fig. 3.1.1) it is evident that
the mCNCs are uniform in size and they are mono-dispersed with an average size of 6 nm in
diameter (Fig 3.1.1A-C). The Energy—dispersive X-ray spectroscopy (EDAX) band acquired
from TEM instruments also confirmed the presence of carbon as an element for the mCNCs
(Figure 3.1.1D). From the HRTEM, it is obvious that the mCNCs are porous, which is again
evident through the BET study (see in the subsequent section). To compare the nanostructure for
other samples, the TEM results have been provided in Fig. 3.1.2. The particle size obtained for
SN-4 is the smallest in size compared to the other samples. It is found that the SN-1, (b) SN-2,

and (c) SN-3 sizes of capsules range from ~ 7-12 nm with an average capsule size of 10 nm.
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Figure 3.1.1 (A)-(B) TEM micrographs of the mCNCs (SN4), (C) particle size distribution of
the mCNCs, and (D) EDAX spectrum of mCNCs.

Figure 3.1.2 Particle size and morphology studied through the TEM for the samples: (A) SN-1,
(B) SN-2, and (C) SN-3
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3.1.2.2. Study the Chemical Functionality and Thermal stability

The surface chemical properties of the synthesized mCNCs and the presence of functional groups
were examined through FTIR spectroscopy. As observed from the FTIR spectrum, the stretching
bands that appeared at 3311, 1735, 1653, 1440, 1125, 881, and 844 cm’! are specified for the
existence of -NH, - CH, -C=0, -C=C-, -N=0, -CN and epoxy ring,288 respectively (see Fig 3.1.3
A).The strong absorption band at 3200-3600 cm™ could be assigned to the presence of O-H
(stretching) and N-H (stretching) vibrations. Further, the band that appeared at 1653 cm™ is due to
the -NH- group present in the mCNCs. The occurrence of these functional groups on mCNCs
possesses excellent dispersity of mCNCs in water. The thermal stability of mCNCs samples was
studied through TGA in an N, atmosphere. From (Fig 3.1.3 B), the weight loss of the sample

between 30°C to 800°C has been identified.
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Figure 3.1.3 (A) FT-IR spectrum for mCNCs (SN4), (B) TGA thermogram for mCNCs(SN4),
(C) DSC thermogram of mCNCs (SN4) and (D) XRD pattern of the mCNCs (SN4).
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The first stage of weight loss (~9 wt.%) occurred between 30°C to 111°C, is due to the
evaporation of unbound moisture followed by a second stage of weight loss (~5wt. %) from
112 °C to 127°C due to the entrapped moisture inside the pores of the mCNCs. Further,~56 wt.
% loss occurred till 762°C which is due to the thermal decomposition of the organic
component/functional groups present in mCNCs. Thermal properties of mCNCs further were
evaluated using DSC. It measures the heat flow between the samples as it undergoes phase
transformation. DSC study also supports the change in the thermal properties of the mCNCs (see
Fig 3.1.3C).The solid-state crystal structure of the mCNCs has been studied through the XRD
(see Fig 3.1.3D) and shows a broad diffraction peak at 20 = 20.3" along with a few additional
peaks (minor). % An inter layer spacing of ~0. 3 nm is identified, which is attributed to the (002)
diffraction plan for the carbon-based component. However, from XRD it is obvious that the

mCNCs (SN4) are majorly amorphous in nature.
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Figure 3.1.4 Schematic shows the FTIR spectrum of the samples: (A) SN-1, (B) SN-2, and (C)
SN-3.
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FTIR spectra of all other samples have been provided in Fig.3.1.4 for SN1, SN2, and SN3. SN-1
shows stretched 3477 OH stretch, 2921 -C-H stretch, 1588C=C, and 1441 CH, bend,
respectively. FTIR spectra of SN-2 are 3254 OH stretch, 2362 O-H stretching, 1414 O-H
bending, and 1145 C-O stretching. FTIR results of SN-3 3295 N-H stretching, 1730 strong C=0

stretching, 1658 C=C medium stretching, 1430 O-H bending, 1155 C-O stretching, 882 C-H

bendings.
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Figure 3.1.5 Thermal stability studied through TGA for the samples:(A) SN-1, (B) SN-2, and for
sample (C) SN-3.

From Fig. 3.1.5 (A-C), TGA measurements it has been evidence that SN-1, SN-2, SN-3
degradation at changes with temperature. The first stage of weight loss starts from the ~40°C -
110 °C continuing with second stage SN-1 at 150°C SN-2 at 162 °C and SN-3 at 143°C due to
the entrapped moisture inside the pores continuing complete degradation of SN-1 happened at

70% at 760 °C, SN-2 54% and SN-3 65% thermal decomposition of the functional group.

The heat flow (endothermic which means absorbing heat and exothermic which releases heat was

University of Hyderabad Page 72



Chapter-3

Results and Discussion: Part [
(&)
azt ISN-1
S24r 3
E E
ey g
[T (TR
0 i
109
80 160 _ 240 320 400 480 560 75 150 225 300 375 450 525 600
Temperature -C Temperature®C
(C)
5 [sh-3]
at
g3
Eol
H
17
ALk
Al
-3 _I 1 “aﬂl\7 1 1 1 L I 1
B0 120 180 240 300 380 420 480 54
Temperature®C

Figure 3.1.6 DSC thermo grams for the samples: (A) SN-1, (B) SN-2 and (C) SN-3.
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Figure 3. 1.7 XRD pattern for the samples: (A) SN-1, (B) SN-2, and (C) SN-3.
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Performed for SN-1, SN-2, and SN-3 (Fig. 3.1.6). From the above-mentioned graph, it isvisible
that all three samples' heat flow is exothermic (109°C, 60°C,130°C). The temperature scanning
range is ~50 °C to 600 °C with a heating rate of 10 °C/min measurements. The physical properties
of synthesized SN-1, SN-2, and SN-3 compounds such as solid state by XRD. In order to XRD

results, it is found that they are semi-crystalline in nature.

3.1.2.3. BET Surface Area Analysis and Surface Zeta Potential

To find out the surface area and pore size distribution of the mCNCs, BET analysis was
performed. The N, adsorption-desorption isotherm (BJH) for them CNCs exhibited a type IV
isotherm with a clear hysteresis (Fig. 3.1.8A), which proves the porous structure of the mCNCs.
The pore size and their distribution have been calculated (see Fig. 3.1.8 B) and found to be of
average size, 2.5 nm in diameter which supports to the HRTEM results for the porous structure of
mCNCs. The surface area for the mCNCs (SN4) is calculated to be 203. 0 m?/g. The surface zeta
potential is very crucial for the nanoparticles for its utility in various biomedical applications. **°
Therefore, the zeta potential of the synthesized mCNCs (SN4) has been measured and found to be
—34. 95 mV (Fig. 3.1.8 C), and this value is quite high compared to the reported carbon
nanomaterials or C-dot synthesized from red chilli, turmeric, cinnamon, and black pepper C-
dots.”®'*** This high value of zeta potential of the mCNCs is obtained due to the functional
groups present in the sample (see FTIR results, Fig. 3.1.8A).Such a high zeta potential value
further confirms the colloidal stability of mCNCs, and it is suitable for theranostic applications. In
the present scenario, pH sensing in aqueous media has been emphasized by considering the
significant role of pH in a broad range of applications that demands high colloidal stability,*”*
such as for biomedical, industrial, environmental, analytical chemistry, cellular biology, and
molecular biology. Therefore, the zeta potential for the synthesized materials was measured at
different pH and showed the highest zeta potential at pH 5 for SN4 (Fig. 3.1.8D). However, in all

the pH ranging from pH 3 to pH 8, the mCNCs (SN-4) are very colloidal stable, DLS
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measurements showed that the average diameter of mCNCs (SN-4) was 6 nm (Fig. 3.1.8 E),
which is matching well with the TEM results and is further evidence for the colloidal stability of
the mCMCs. The Raman spectra for the mCNCs (SN-4) have been acquired, and the presence of

D band at 1320 cm™* was found for the presence of sp2 hybridization (in-plane vibration) and G
bands appeared at 1180 cm™ ! for out-of-plane vibration which represented to the associated

structural defects(Fig. 3.1.8 F).
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Figure 3.1.8 (A) BJH adsorption—desorption isotherm and (B) pore size distribution profile
calculated from desorption isotherm, (C) zeta potential profile acquired in a water medium, (D)
effect of pH on zeta potential (for sample SN-4), (E) particle size obtained from DLS in a water

medium, and (F) Raman spectra of mCNC:s, respectively.
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BJH adsorption—desorption isotherm (Figure 4.1.9) and BET surface area results of the other

samples have been provided in SN-1 is 29.9 m?%gSN-2 26.32 m?g,SN-3 is 29.56 m?/g

respectively.
(A)
30 - e -
»— Adsorplion SN-1 w— Adsarption SN-2|
~ | =*—Desorpiion r 30 | s Desorption
?_"‘25 = _:' E r ’
w o - {
@ ! %25
=20 ¢ | |
g . B2t i
/ k-]
o * @ |
15 f
g . g5t
[=] | ~ 4l
] (Desomption) i 0 !
| < - = |
31‘:' .y ,F'.‘ o 10+ .
Z P £ A
= iyt e = 2
€ S ._. '-l'. 2 c 5t t.l.
8 e ey S anumnn® (hdsorption) 5 | e PRCSR T
o Q " 1 1 1 ! 1 o 0 !'_".-l 1 1 L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 08 0.8 1.0
Relative Pressure(P/Po) Relative Pressure(P/Po)
{C)
30 = Adsorption |SN-3
o & Desorption :
= r
[T J
= i
E e
[
Zan} '
= |
[}
-
2201 . :'
o |
<< Desorption .
Sl ) o
5 “:.;:.:.-...HH
é . '--.'.lr'-l."'.‘ ﬁ"“"L' : : Adsbr;::tio-n
0.0 0.2 0.4 0.6 08 1.0
Relative Pressure(P/Po)

Figure 3.1.9 BET experiments: BJH adsorption—desorption isotherm for the samples: (A) SN-1,

(B) SN-2, and (C) SN-3.

The pore size distribution for SN-1, SN-2, and SN-3 proves that they are less porous in nature as

well as their surface area is also less compared to the SN-4 sample Figure 4.1.10. The pore size

distribution as follows for SN-1 is ~2. 3nm to 3.6nm, SN-2 is ~2. 3 nm- 3.0 nm, and SN-3 is ~2. 4

nm.
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Figure 3.1.10 Pore size distribution profile for the samples. Pore size was calculated from BET
for (A) SN-1, (B) SN-2, and (C) SN-3.

Zeta potential for the other samples i.e.SN-1, SN-2, SN-3 is also comparable to the mCNCs
(SN4).The values are the following for SN-1-23.59 mV, SN-2 -30.05 mV, and SN-3 -33.27 mV

(Figure 3.1.11).
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Figure 3.1.11 Zeta potential profile for the samples: (A) SN-1, (B) SN-2, and (C) SN-3.
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However, different samples such as SN1, SN2, and SN3 have different colloidal stability and that
also varied with a change in the pH (Figure 3.1.12). It is visible that with different pH zeta
potential changes for SN-1 at pH 5 it has the highest zeta potential which is -24 mV followed by

SN-2 -30mV and SN-3 -33 mV.
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Figure 3.1.12 Effect of pH on zeta potential for the sample (A) SN-1, (B) SN-2, and (C) SN-3.
DLS measurements showed that the average diameter of mCNCs as follows SN-1,SN-2,SN-3 is
14nm,18nm, and 22nm (Figure 3.1.13), which is matching well with the TEM results (Figure

3.1.2) and the further evidence for the colloidal stability of the mCNCs.
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Figure 3.1.14 Raman spectra for the samples, (A) SN-1, (B) SN-2, (C) SN-3

The Raman spectra for the reaming samples i.e.SN-1, SN-2 ,SN-3 have been acquired as the

presence of D & G bands respectively. D band was found for the presence of sp” hybridization
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(in-plane vibration) and G bands appeared for out-of-plane vibration which represented the

associated structural defects (Figure 3.1.14).

3.1.2.4 Absorbance and Optical characterization:

The UV— vis absorption of mCNCs was acquired (Figure 3.1.15A). An absorption band that
appeared in between 200 and 250 nm is due to the n—z* transition of the C-O band and z—=*

transition occurred due to the conjugated C=C conjugated bond present in mCNCs (Figure 3.1.
15A).0One of the unique characteristics of the carbon dots is photoluminescence, and the

295

luminescence properties can be varied with varying the particle size and excitation

wave:length.168’296 However, from the application point of view, the synthesized mCNCs in an

aqueous solution show luminescence with UV light irradiation.
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Figure 3.1.15 (A) UV—vis spectra, (B) PL variation with concentration, (C) effect of pH in
luminescent, of the mCNCs (SN4). (D) Fluorescence behavior of the mCNCs (SN4) obtained

with an excitation wavelength of 340—420 nm.

The luminescent properties strongly depended on the concentration of mCNCs.The intensity of

the luminescent spectra depends on the amount of material used (say for SN-4),see
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(Figure 3.1.15 B) and due to the decrease in the electrostatic interactions played between the polar
groups exist on the surface of the mesoporous materials (see Figure 3. 1. 15 B) for SN4).297

The occurrence of a high amount of polar functional groups assistances in procedure
agglomeration at high concentrations and the size of the agglomeration likewise controls the
luminescence properties of the sample.”®® The PL intensity also differs with the different
excitation wavelengths.The intensity of luminescent of mCNCs also depends on the pH of the
colloidal solution as shown in Figure 3.1.15C. Here we have noticed the variation of PL intensity
with a change in the concentration of mCNCs within the pH 2—12 (Figure 3.1.15C). High
intensity of PL is observed in pH 4 to 8 where the 7—z* and n—z* transition occurred by refilling
or depleting of valence band electrons. The fluorescence spectra of mCNCs with the variation of
excitation wavelength (340—420 nm) are shown in Figure 3.1.15D, and it is obvious that the band

shifted with varying excitation wavelength.
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Figure 3.1.16 UV-Vis spectra for the samples, (A) SN-1, (B) SN-2, (C) SN-3
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The peak of SN-1 was observed at 218 nm for SN-2 at 263 nm and SN-3 227 nm. Because of the
difference in the chemical functionality, the intensity of UV—Vis absorption varied as shown in
Figure 3.1.16.

3.1.2.5 Cytotoxicity and living cell imaging:

In vivo imaging of cells is very important for the diagnosis of diseases. Photo luminescent
mCNCs are necessary units for determining their applicability as an imaging probe. It is reported
that C-dots are good candidates for diagnosis and imaging. To find out the utility of mCNCs for
theranostic applications, the imaging and biocompatibility studies were performed using normal
splenocytes, MCF-7 and MDA-MB-231 (see Fig 3.1.17a-b and Fig.3.1.18). The cytotoxic study
was carried out with various concentrations of mCNCs. The mCNCs showed an excellent
distinct characteristic by responding in multicolor imaging profile (Fig 3.1.17). As we can see
when the mCNCs were incubated with cells, they emitted fluoresce in different ranges. In the
presence of light, we can easily detect the existence of mCNCs which are ultimately present in
the cytoplasm, cell membrane, and specifically near the nucleus. Many research groups have
reported the potential uses of C-dots in cell imaging with photon luminescence microscopy.>” >
For extraction of C-dots, it has been reported that after giving the treatment of intravenous

301

injection, it was accumulated in the reticulo endothelial system (RES)™" as well as in the kidneys

302303 which can be gradually extracted from the faecal and renal pathway.
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Figure: 3.1.17: Showing the interaction Nano formulated SN-1, SN-2, SN-3 and SN-4 samples
on (A) MCEF-7 cells and (B) MDA-MB-231 cells. The red arrows represent the capsules, under

fluorescent microscopy.
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To explore the potential effect of our mCNCs, cyto compatibility has been studied on normal
healthy cells and cancer cells.We have used normal splenocytes extracted from mice and normal
breast cancer cells (MCF-7) and TNBC cells (MDA-MB-231).In vitro studies have been
performed through MTT assay.From Figure 3.1.18A-B, it is evident that the SN-4 (mCNCs)
shows excellent cell inhibition on MCF-7 and TNBC cells (MDA-MB-231) as compared to the

SN-1, SN-2, and SN-3 in the concentration range of 0—1 mg mLfl.Henceforth, SN-4 has
exhibited more than 90% cell viability with mouse splenocytes (Figure3.1.18A). Similarly, we
checked the cytotoxicity of all other samples, and it is found that the SN-4 sample showed 80%
and 82% cell viability on MDA-MB-231 and MCF-7 breast cancer cells, respectively. Thus, our
results further indicated that the mCNCs (SN-4) are inhibiting the cancer cells, although it is quite
biocompatible with normal splenocytes. In conclusion, mCNCs can be used as a safe probe for
imaging and the treatment of normal breast cancer (MCF-7) as well as TNBC (MDA-MB-231)

(Figure 3.1.18 A-B).
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Figure 3.1.18 (A) Cell viability of normal splenocytes at different concentrations of nanocapsules
(SN-1, SN-2, SN-3, and SN-4) and (B) cytotoxicity of the mCNCs (SN-4) against the MDA-MB-

231 and MCF-7 (statistical value considered as p < 0. 05)

3.1.2.6 Mitochondrial apoptosis analysis
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To investigate the tumor targeting mechanism, it can be noted that apoptosis is primarily
associated with the change in mitochondria membrane potential and mitochondrial damage. It is
illustrated that apoptosis is induced in MCF-7 and MDA-MB-231 on treatment with mCNCs. It
is a quite recognized fact that the mitochondria play an important role in the apoptotic cascade
by serving as convergent signals of apoptotic cells for both the pathway, i.e., intrinsic and
extrinsic pathways.”® The mitochondrial potential charges show determinant to carrying out the
cell death.®% Henceforth, to know the process of apoptosis in different cancer cell lines, the
change in the mitochondrial membrane potential on the different treatments of synthesized carbon
nanocapsules was examined. Rhodamine 123 (Rh123) has been used to estimate the

mitochondrial membrane potential.

Unstained cells Control SN-1
300
300 FLI-H- FL1-H+ FL1-H- FL1-H+ FL1-H- FL1-H+
0.0 0.0 49.1 50.9 250357.0 430
200 200 ]
= 200
S 150
<]
s 100 100
100
50 ]
~ 0 0
J
tL) 10°
= SN-2 SN-4
200 - FL1-H- FL1-H+ | 250 FL1-H- FL1-H+ JFL1n-
250
31.7 78.8
5 2004
. 150
(=
3 150
O 100
100
50 - ]
50
04 0]
10‘l 102 10 10 100 101
FITC-A

Figure 3.1.19 FACS study for quantifying the depletion of mitochondrial membrane potential by
using Rh123. For MCF-7 cells were treated with various porous carbon nanocapsules (SN-1, SN-
2, SN-3, and SN-4). After 24 h incubation, cells were stained with Rh 123 and analyzed through
a flow cytometer. Figures show the percentage of mitochondrial depolarization calculated in

MCEF-7 cell lines against different carbon capsules.
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Rh123 enters into the mitochondria with intact membrane potential. When mitochondria lost
their potential, extra Rh123 leaches out from the mitochondria and henceforth detectable
reduction of fluorescence occurred which is directly interrelated with the mitochondrial potential.
The reported data showed that the mitochondrial membrane potential of MDA-MB-231 and
MCE-7 cells were reduced after the treatment with different carbon nanocapsules (Figure 3.1.19,
Figure 3.1.20, and Figure 3.1.21). The average depletion of mitochondrial membrane potential in
MCF-7 was more as compared to the TNBC cell lines (MDA-MB-231). We also observed that
the mesoporous carbon nanocapsule (sample SN-4) is potent to change in the membrane potential
more compared to the other carbon nanocapsules (SN-1, SN- 2, or SN-3). The percentage change
in mitochondria membrane potential (MMP) was calculated systematically and is shown in Figure

3.1.21(each value represents the mean +SD, *p < 0. 05 compared with the control).
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Figure 3.1.20 FACS study for quantifying the depletion of mitochondrial membrane potential by
using Rh123. MDA-MB-231 cells were treated with various porous carbon nanocapsules (SN-1,
SN-2, SN-3, and SN-4). After 24 h incubation, cells were stained with Rh 123 and analyzed
through a flow cytometer. Figures show the percentage of mitochondrial depolarization in MDA -

MB-231 cell lines obtained for different carbon nanocapsules.
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Figure 3.1.21Quantitative estimation of mitochondrial membrane potential by using Rh123.
MDA-MB-231 and MCF-7 cells were treated with various porous carbon nano capsules(SN-1,
SN-2, SN-3, and SN-4). After 24 h incubation, cells were stained with Rh 123 and analyzed
through a flow cytometer. The percentage of mitochondrial depolarization in different cell lines
calculated from Figures3. 1. 19 and 3. 1. 20 for MCF-7 and MDA-MB-231 cells, respectively (n

= 3, * denotes the level of significant difference as compared to control at p < 0. 05).

3. 1. 2.7 Effect of Carbon Nanocapsules on Apoptotic Cell Death through Flow Cytometry.
Primarily, to check the apoptotic effect of carbon nanocapsules, we initiate treatment from the
lower doses of SN-1, SN-2, SN-3, and SN-4 samples against MCF-7 cells (Figure 3.1.22) and

MDA-MB-231 (Figure 3.1.23). We have taken untreated cells as a control.
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Figure 3.1.22 Cancer cells were treated with carbon nanocapsules (SN1, SN2, SN3, and SN4).

Cells were stained with PI and annexin-V FITC antibodies to determine the apoptotic and necrotic

cell death effect of synthesized compounds. Total 10 000 cells were acquired by flow cytometry

and quadrants were set according to unstained control. Quadrants represent Q1, necrotic cells;

Q2, late apoptotic cells; Q3, early apoptotic cells; Q4, healthy cells for MCF-7 human breast

cancer cells after carbon nanoparticle treatment (comparison of apoptosis index of SN-1, SN-2,

SN-3, and SN-4 with the MCF-7 breast cancer cells).
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Figure 3.1.23 Cancer cells were treated with carbon nanocapsules (SN-1, SN-2, SN-3, and SN-4).
Cells were stained with PI and annexin-V FITC antibodies to determine the apoptotic and necrotic
cell death effect of synthesized compounds. Total 10 000 cells were acquired by flow cytometry
and quadrants were set according to unstained control. Quadrants represent Q1, necrotic cells;
Q2, late apoptotic cells; Q3, early apoptotic cells; Q4, healthy cells, for MDA-MB-231 triple-
negative human breast cancer cells after the treatment of carbon nanocapsules.

Then we acquired 10,000 cells from each sample with BD FACS Calibur. To analyze the
apoptotic cell death through flow cytometry, we have plotted the four quadrants Q1, Q2, Q3, and
Q4, which denote necrotically, late apoptotic, early apoptotic, and live cells, respectively. We
have performed the study for each sample and compared it to the control. Results showed that the
percentage of the live cell (Q4) of breast cancer cells in response to the treatment of SN-1, SN-2,
SN-3, and SN-4 samples mostly entered the late apoptotic (Q2) and necrotic cells (Q1) quadrants
as compared to the untreated controlled cells. The comparison of the apoptosis index of SN-1,
SN-2, SN-3, and SN-4 with the MCF-7 and MDA-MB-231 breast cancer cells (see Tables 3.1and

3.2) has been shown.
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Figure 3.1.24 MCF-7 and MDA-MB-231 breast cancer cells were treated with carbon
nanocapsules (SN-1, SN-2, SN-3, and SN-4). Cells were stained with PI and annexin-V FITC
antibodies to determine apoptotic and necrotic cell death due to the effect of synthesized
compounds. A total of 10 000 cells were acquired by flow cytometry, and quadrants were set
according to unstained control. The percentage change in different stages of cell death: QI1,
necrotic cells; Q2, late apoptotic cells; Q3, early apoptotic cells; Q4, healthy cells pattern of
MCEF-7 (left) and MDA-MB-231 (right) (comparison of apoptosis index of SN-1, SN-2, SN-3,
and SN-4 with the MDAMB- 231 breast cancer cells).

Remarkably, SN-1 showed 13. 5% and 11.9% necrotic cells (Q1) in MCF-7 and MDA-MB-231
cells, respectively, without entering the early or late apoptotic cell.Interestingly, we observed that
sample SN-4 showed more potent killing as compared to the SN-1, SN-2, and SN-3 toward breast
cancer cell death for both of the cell lines. We also found that sample SN-4 demonstrated 19.3%
necrotic cells (Q1) in MCF-7 which is slightly higher as compared to 17. 2% necrotic (Q1) cell
death in MDA-MB-231 cell lines (Figure 4.1.22, Figure 4.1.23, Figure 4.1.24). The Comparison
of the apoptosis index of SN-1, SN-2, SN-3, and SN-4 with the MCF-7 and MDA-MB-231 breast

cancer cells have been provided in Tables 3.1 and 3.2.
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Table 3. 1 Comparison of Apoptosis Index SN-1, SN-2, SN-3 Table 3. 2 Comparison of Apoptosis Index SN-1, SN-2, SN-3
and SN-4 with MCF-7 breast cancer cells and SN-4 with MDA-MB-231 breast cancer cells
MCFE.7 p values significant level MDA-MB-231 p values significant level
Control vs SN-1 Control vs SN-1
live cells p < 0001 e live cells p < 0.001 e
early apoptotic cells p > 005 ns early apoptotic cells p > 005 ns
late apoptotic cells p > 005 ns Late apoptotic cells p > 008 ns
necrotic cells p < 0,001 i necrotic cells p < 0.001 o
Control vs SN-2 Control vs SN-2
live cells p < 0001 ove lve cells p < 0,001 o
carly apoptotic cells p <0001 s early apoptotic cells P < 0001 S
late apoptotic cells p < 0001 e Late apoptotic cells p < 0.001 a
necrotic cells p > 005 ns necrotic cells p > 005 ns
Control vs SN.3 Control vs SN-3
live cells p < 0001 o live cells p < 0001 M
early apoptotic celis p > 005 ns early apoptotic cells p > 005 1oy
late apoptotic cells p < 0,001 e Late apoptotic cells p < 0001 e
necrotic cells p < 0001 e necrotic cells p > 005 ns
Control vs SN-4 Control vs SN-4
live cells p < 0001 e Hve cells p < 0.001 cioend
early apoptotic cells p < 0001 e early apoptotic cells p < 0001 ki
late apoptotic cells p < 0001 wee Late apoptotic cells p < 0001 i
necrotic cells p < 0001 oo necrotic cells p < 0001 K.
SN-1 vs SN-2 SN-1 vs SN2
live cells p < 0001 e live cells p < 0.001 e
early apoptotic cells p < 0001 e early apoptotic cells p < 0001 e
late apoptotic cells p < 0001 owe late apoptotic cells p < 0001 w
necrotic cells p < 0001 - necrotic cells p < 0001 e
SN-1 vs SN-3 SN-1 vs SN-3
live cells p < 0.001 ok live cells p < 0,001 ok
early apoptotic cells p > 005 ns early apoptotic cells p > 0.05 ok
late apoptotic cells p < 0.001 ok late apoptotic cells p < 0.001 ook
necrotic cells p < 0.001 ok necrotic cells p < 0,001 ok
SN-1 vs SN-4 SN-1 vs SN-4
live cells p < 0.001 ok live cells p < 0.001 ook
early apoptotic cells p < 0.001 ok early apoptotic cells p < 0,001 ok
late apoptotic cells p < 0.001 bk late apoptotic cells p < 0,001 ok
necrotic cells p < 0.001 ok necrotic cells p < 0.001 ook
SN-2 vs SN-3 SN-2 vs SN-3
live cells p =005 ns live cells p < 0,001 ok
early apoptotic cells p < 0.001 ok early apoptotic cells p = 005 ns
late apoptotic cells p < 0.001 ok late apoptotic cells p < 0,001 ok
necrotic cells p < 005 * necrotic cells p > 0.05 ns
SN-2 vs SN-4 SMN-2 vs SN-4
live cells p < 0.001 ok live cells p < 0,001 R
early apoptotic cells p < 0.001 ok early apoptotic cells p < 0.001 ook
late apoptotic cells p < 0.001 ok late apoptotic cells p < 0,001 ok
necrotic cells p < 0.001 ok necrotic cells p < 0,001 R
SN-3 vs SN-4 SN-3 vs SN-4
live cells p < 0.001 ok live cells p < 0,001 ok
early apoptotic cells p < 0.001 ok early apoptotic cells p < 0,001 ok
late apoptotic cells p < 0035 * late apoptotic cells p > 0.05 ns
necrotic cells p < 0.001 ok necrotic cells p < 0,001 ok

N. B. Statistical analysis of Neem seed derived compounds SN-1, SN- 2, SN3, and SN4 with
their control for MCF-7 (A) and MDA-MB-231 (B) by applying 2-way ANOVA. The tabular
results represent the significant values by *, ** *%* apnd **** at p < (. 05. “ns” represent for

non significant value.
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3.1.3. Summary

In this work, we reported a green one-step synthesis approach of mesoporous carbon
nanocapsules from Azadirachta indica seeds and their uses for theranostic applications.The
synthesis method of carbon nanocapsules is economical for large-scale production.The
mesoporous carbon nanocapsules are highly water-soluble, emit strong fluorescence light, and are
highly stable.The mesoporous carbon nanocapsules are highly biocompatible with normal healthy
cells and are good candidates for absorption in the cytoplasm. These mCNCs substantially affect
breast cancer cells more than normal cells and are further useful for multicolor living cell
imaging.Thus, the prepared mesoporous carbon nanocapsules can be used as an eco-friendly
material for theranostic applications. The change in mitochondrial membrane potential and the
increasing number of apoptotic cells corroborated a smart mitochondrial-targeted delivery of
these carbon nanocapsules. In the future, we can easily modify the properties of these samples
and enhance the capability of drug loading to check its anticancer activities against various
cancers and other diseases. Finally, Azadirachta indica seeds derived from carbon nanocapsules

may hold a huge potential for cell imaging and therapeutic applications.
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Chapter: 3

RESULTS AND DISCUSSION: PART 11

Synthesize Of carbon dots for kernel part of seed: Photoluminescence

mechanisms and applications in detection of biologically relevant metal ions.
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The outcome from part II: The results discussed in Part-II, have been communicated as “Green
synthesis of Carbon Nano dots from Kernel part of Azadirachta Indica seeds: selective

detection of biologically relevant metal ions and drug delivery applications”.
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Chapter: 3

RESULTS AND DISCUSSION:  PART -11

Synthesize of carbon dots from Kernel part of Neem seed: Photoluminescence mechanisms and

applications in detection of biologically relevant metal ions.

3.2.1 Introduction and Motivation

Carbon nanomaterials such as carbon quantum dots (CQDS),310

graphene quantum dots
(GQDs),*!'etc. have shown huge attention in recent years due to their unique properties and
applications in medical biotechnology.312 CQDs are also known as carbon dots (CDs), precisely
their size below 10 nm in diameter has attracted researchers due to their high chemical stability,
optical and optoelectronic properties, luminescence, and for unique optical absorption
(broadband).These properties of CDs are unique concerning other carbon nanomaterials due to
their smaller dimension (d, <10 nm), defect-induced properties, functionality, and because of

313

quantum confinement.” ~ On the other hand, the usages of CDs in biomedical applications such as

for therapeutic detection and imaging, drug delivery, and designing biosensors are much more
than the inorganic/metallic/semiconductor quantum dots (e. g. , CdS, CdS, CdTe, PbSe, etc. )0t
due to their more photostability, blinking stability, and biocompatibility.314 CD possesses defects

and oxygen-containing functional groups on their surface caused to hydrophilicity and hence

315

much more dispersible in water.” = Further, the properties of the CDs depend on the size, shape,

316

crystallinity and the extent of sp2 hybridized carbon present in the structure.”~ Further, the
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biocompatibility is also a concern for CDs for their use in biomedical applications, which is
strongly influenced by the presence of oxygen and nitrogen-containing functional groups (e. g. , -
COOH, -OH, NH-, -CO-, -NH,, etc. ) and the confined size.’'” Such as ultra-small size CDs
attributed to the low toxicity and high in vivo bio distribution in mammalian systems for the CDs
of relatively bigger size.’™® In line of the properties developed in CDs, they can also be used as a
probe for sensors to detect different analytes using their intrinsic defects and functional group-
induced fluorescent properties.”’® However, all other properties including analyte sensing
properties of CDs can be induced by following a suitable synthesis approach.””® However,
different synthesis approaches, carbon precursors of CDs, size, morphology, defects, and
chemical functionality can yield the effectiveness of the sensing effic:iency.320 Therefore, there is

a huge scope for designing low-cost materials with better detection capacity.

In this work, biocompatible CDs were synthesized through a green synthesis approach, and the
fluorescent-based sensing activity **° of the metallic ions such as Ca®*, K*, Na*, Fe’*, Fe** and
Zn™ have been explored since these are very essential ions in body to control the biological
processes in the body. Further, the CDs synthesized in this work have been used to explore the
drug delivery efficiency such as for killing the cancer cells.The CDs were synthesized from the
kernel part of the Azadirachta indica seeds. CDs-based sensor detection selectivity towards the
specific metallic ions specifically Zn** and Fe’*are very important. The detection of these two
ions is important for the Amyloid-# stability, oligomerization, and aggregation.”' In the present
study, further, we established that the functional groups present on the surface of the synthesized
CDs play important role in the detection of these metal ions. This study has been performed with
as-received CDs, i. e. ,without any additional surface modifications. Further, from the metallic
ions sensing outcomes, we establish CD-based molecular logic gates mechanism of detection.
Herein, implication of logic gates, e. g., YES and NOT gate were constructed using different

Zn2+, and Fe**ions as inputs.322 Overall, the characteristics of the synthesized CDs have been
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exposed up with a new prototype for constructing the chemical logic gates through fluorescent
chemo sensors for the detection of metallic ions.** It can also be noted that through the
construction of the chemical depended molecular logic gates, how it can be significantly attractive
for the fabrication of the molecular scale electronic devices that also has been found out through
this work. Herein, we have concentrated our study more on Zn** and Fe3+, because iron is one of
the most abundant elements on the earth and both Zn**and Fe®* take part in several vital biological
processes>, e. g., oxygen transportation®”’, transcriptional regulation326, replication of DNA and
electron transfer.’>’ As an example, insufficient iron intake caused many health issues, and even it
can be life threatening.328 An adequate amount of Fe™ is connected to the diseases like
Alzheimer's and other neuron-generative disorders. On the other hand excess, Fe*’ ingestions can

lead to the formation of free radicals and tissue damage.328’329

Thus, finding out the
Fe*concentrations is very important in clinical research. Further, Zn** takes part in many
enzymatic reactions of the body, such as the creation of DNA, maintaining the growth of cells,
building different proteins, healing and regeneration of damaged tissues, and one of the most
desired elements that retained immunity and having anti-inflammatory propc::rties.330 Further,
based on the sensing of the ions, several research groups explained the mechanism through the
constitution of molecular logic gates using various biomolecules such as nucleic acids,331proteins,
and other organic molecules.'” Such as, CDs can affect the DNA structure by inducing DNA B-Z
transition and the mechanism of operation can be accomplished by constituting a DNA logic
operation. Other than the DNA molecule, using another biomedical logic gate can also be
constituted to explain the biological process mechanism and their electronic transformation.™? To
note, several methods have been reported for the synthesis of CDs, such as chemical
carbonization, sono chemical synthesis®> microwave synthesis®>, thermal decomposition of
different carbon sources’ , etc. from the various source of carbon precursors.336 Many of the

reported methods required toxic chemicals and hence produce toxic CDs. Furthermore, the source

of carbon also greatly influences the quality of CDs as well as their characteristic properties
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varied due to the content of hydrogen, oxygen, and nitrogen-containing functional groups.In the
above line, herein, we report the new synthesis of CDs to form Azadirachta Indica seeds and
illustrate their application in ion sensing output through the logic functions of OR, XOR, and
IMP.*** Some of the CDs reported show remarkable characteristics such as relatively low toxicity
and biocompatible and directed their use in the delivery of anticancer drugs,186 and good photo
stability, **’ with excellent luminescence properties. Moreover, how the CDs are found to reveal
an attractive “ON-OFF” switching mood with the stepwise addition of Fe** has also been studied.
The sensing mechanism has been established based on adding Fe** jons followed by the formation
of a CDs-Fe* complexes. Finally, how the rational for executing several logic operations rely on
the association of metal ions and their corresponding fluorescence intensity varies with our CDs

that have also been studied.

In the next objective, we evaluated the efficiency of CD for breast cancer therapy. Doxorubicin
(DOX) is a well-known anticancer drug and widely used chemotherapy agent to cure early and
advanced breast cancer. Although, tumour resistance has constrained the implications of the agent
in single-drug treatment regimes. Therefore, to enhance the effectiveness of DOX, we loaded it
with CDs and designed different complex formulations of CDs.We tested the different complex
formulations of CDs against the MCF-7 breast cancer cell line.The synergic effect of CDs with
doxorubicin has been examined in detail regarding biocompatibility, therapeutic effectiveness,
and cytotoxicity. To investigate this, the MTT assay, mitochondrial membrane potential (MMP,
Aym), apoptosis assay, and cell imaging were performed to evaluate the therapeutic roles of CDs,
and the biological relevance of the treatment was demonstrated. It could also be mentioned that
Aym has a significant role in controlling the mitochondrial movements as it shows the control of
electron transportation and oxidative phosphorylation to generate force behind the ATP
generation. Executing a regular biological activity of the cells, the level of MMP and ATP

generation ought to be quite stable, albeit the regulated fluctuation of Ayms and ATP also leads to
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ordinary physiological activity. These CDs are biocompatible with normal healthy cells; however,
it has a potential synergic cytotoxic effect with DOX towards the MCF-7 breast cancer cell line (a
human breast cancer cell with estrogen, progesterone, and glucocorticoid receptors). Thus, from
this work, a clear direction for our CDs in designing various molecular devices for sensing and
detection of biological analytes has been found along with a huge possibility of their uses in drug

delivery and cancer therapy applications.

3.2.2. Results and Discussion

3.2.2.1. Structural confirmation

CDs were synthesized as it has been described in the experimental section. The morphology and
size of the as-synthesized CDs were characterized by HRTEM and shown for different
magnifications (Fig.3.2.1 a-c). The lattice fringes within the particles indicate that the as-
synthesized CDs were crystalline and the lattice fringes of the CD nanoparticles were calculated
to be 4 nm. The crystalline nature of the CDs is also further confirmed through the SAED spectra
(Fig.3.2.1d). It is obvious from TEM images that the synthesized CDs are mono dispersed
spherical with an average diameter of ~4 nm (Fig.3.2.1e). The elemental composition of CDs was
calculated from EDAX spectra acquired from the TEM experiment (Fig.3.2.1f) and confirmed the
presence of elemental oxygen and carbon. It is noticed that the average size of the particles for

CDs is not more than 10 nm in diameter.
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Figure 3.2.1 TEM results of CDs (KS-1),(a)-(c) TEM micrographs at different magnifications,
(d) SAED pattern, (e) particle size distribution, and (f) EDAX spectrum of CDs.

3.2.2.2. Chemical functionality and thermal stability

To find out the chemical functionality, FT-IR spectra were acquired for synthesized CDs and
the results are shown in (Fig.3.2.2a). From the FT-IR spectrum, the bands appeared at 2958,
2474, 1768, 1612, 1432, and 862 cm’! specified for the presence of stretching bands due to -
CH, -C=0, C=C, -N=0, -CN, and epoxy ring, respectively. Due to the presence of these
functional groups, the synthesized CDs are well dispersed in water.From TGA, the thermal
stability of the CDs has been studied, and found that 10.3% mass loss over the temperature
range of 0 °C to 800°C occurred (Fig.3.2.2b).Further, the thermal properties of CDs were
evaluated using DSC (Fig.3.2.2c). The study was conducted up to 600 °C under N,-gas with a
heating rate of 10°C/min (Fig.3.2.2¢).DSC plots exhibit the heat flow behaviors of the samples

to check whether it undergoes any phase transformation or not. However, an endothermic
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peak is observed around 95-100 °C due to the evaporation of any volatile component that is
confirmed from TGA. XRD patterns for CDs (KS-1) are shown (Fig.3.2.2d). There is a
diffraction peak at 2\~ 20. 47°,which corresponds to the carbon (100) plane. A broad
diffraction peak is observed at 2\~ 20°, due to the smaller size of the CDs. However,
(Fig.3.2.2d), it is noticed that the synthesized CDs are crystalline which is further confirmed

by the TEM results (Fig.3.2.1c-d).
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Figure 3.2.2(a) FT-IR spectrum, (b) TGA thermogram, (c) DSC, and (d) XRD pattern of the
CDs.

3.2.2.3 Surface properties:

To confirm the surface area and pore size, BET experiments were performed. From (Fig 3.2.3a),
it is confirmed that CDs showed a type-1V adsorption-desorption isotherm with a clear hysteresis.
The surface area and pore size of as-prepared CDs were found to be 82.1 m? g and 2-3 nm in
diameter, respectively (Fig.3.2.3a and 3.2.3b). Furthermore, the hydrodynamic diameter (DLS) of

the CDs was found to be 12.74 nm, which can be correlated with the TEM results for particle size
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(Fig. 3.2.3c). The hydrodynamic diameter of CDs is found to be 13.72 nm. Raman spectra for the
synthesized CDs were acquired and results confirmed the presence of the ‘D’ band (at 1341cm™)
and ‘G’ band (at 1559cm'1), which are two signature bands for the carbon (CDs). The intensity
ratio of D and G bands i. e Ip/Ig designates the ratio of sp> and sp’ hybridized carbon present in
the CDs. The intended Ip/Ig value was obtained to be 0. 83, implying that CDs is having a similar
assembly to graphitic structure (Fig.3.2.3d).It is known that the surface zeta potential is very
important for various biomedical applications of nanoparticles. Therefore, the zeta potential for
the sample was calculated to be =37 mV (Fig. 3.2.3e). This is a quite high value as compared to

the results for CDs,293

due to the different extent of the functional groups present on the surface.
This high zeta value is responsible for the electronic transport of the CDs. Mainly due to the
presence of surface amino groups present on CDs, it resulted from very high zeta potential.
Further, the "H-NMR spectroscopic analysis revealed distinct regions such as at 1-3 ppm, 3—6
ppm, 6—8 ppm, and 8—10 ppm due to the sp3 C—H protons, protons attached with the hydroxyl and

ether or carbonyl groups, and for the aromatic or sp2 protons and the aldehydic protons,

respectively (see Fig.3.2.3f).
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Figure 3.2.3. Shows the (a) BJH adsorption—desorption isotherm acquired in N, gas, Fig. (b)
Pore size distribution of CDs obtained from desorption isotherm, Fig. (c) Particle size results
obtained from DLS, Fig. (d) Raman spectra of solid CDs sample and Fig. (e) Zeta Potential
results for the CDs in water medium and Fig. (f) 'H-NMR spectrum for CDs acquired in CDCl3,

400Hz (KS-1), respectively.
3.2.2.4 Optical and photoluminescence properties of CDs

The optical properties of the CDs are very important to decide their uses in various purposes such
as for therapeutic detection and imaging, drug delivery, and designing biosensors. 22325338 1y
this direction, the UV-Vis and fluorescence spectroscopy analysis were performed and the bands

were identified to explore reasons for the fluorescence properties of synthesized CDs. From the

UV-Vis absorption spectrum for CDs, a strong absorption band at 275 nm is identified and
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assigned to the m-n transition of C = C (Fig3.2.4a). Due to the various chemical functional
groups present, the intensity of fluorescence varies in different solvents and temperature as shown
in Fig.3.2.4, Table-3.3 and Table-3.4 represent more detailed information about the optical
properties of synthesized CDs in presence of the various solvent and shows that optical properties
of CDs also depend on the solvents, which may be due to the different type of interactions played

between solvent molecules and CDs.
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Fig 3.2.4 Figure shows (a) UV-Vis absorption spectrum in water, (b) Fluorescence spectra in
different solvents, (c) Photoluminescence variation with differences in pH from 2 to 12, and (d)
Fluorescence intensity dependency on temperature variance for synthesized CDs.

Table 3.3: Shows the effects of pH on photo luminance on synthesized CDs.

Sl p | Intensity (a.u.)
No H

1 2 168. 2

2 4 169.5

3 6 173.2

4 8 165. 6

5 10 161.2

6 12 151. 4
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Table 3.4: Effect of temperature on the fluorescence intensity of synthesized CDs.

S1 Temp. Wavelength Intensity (a.u. )
No (°C) (nm)

1 10 399.8 31.7

2 20 399. 8 24.9

3 30 400.9 20.1

4 40 400.9 19.2

5 50 401.9 17.2

To explore the optical properties of our CDs, detailed fluorescence spectra of CDs were also
acquired in various solvents, 1. e. (distilled water, methanol, DMF, and DMSO) (Fig 3.2.4b) and
the effect of solvent on the fluorescence intensity was studied. The synthesized CDs are highly
dispersible and visible and in DMF, it has maximum fluorescence intensity. The possible reason
behind the high fluorescent intensity is due to the presence of amide groups on the surface of the
CDs, which further has confirmed through the FT-IR.The effect of pH is one of the essential
parameters that affect fluorescence intensity. A series of experiments were conducted with
different pHs to get an appropriate pH with the highest fluorescent intensity. It is also noticed
that the fluorescence intensity varied with the change in the concentration of CDs as well as it
varied with a change in the pH (pH 2 to pH 12) (Fig.3.2.4c). From figure 3.2.4c, fluorescence
emission is observed (pH 4 to pH 8) due to the n-n* and n-n* favourable transitions of free
electrons. To gain detailed insight into the underlying decay process, we acquired the
fluorescence spectra of the CDs as a function of temperature from10 °C to 50 °C, as shown in
(Fig 3.2.4 d). It is obvious that with an increase in temperature the intensity of fluorescence
displays a weakening tendency due to the thermal/lattice vibration of the functional groups

present or due to the change in the electronic and transition states.>
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3.2.2.5 Fluorescence quenching and enhancement of CDs and detection of metal ions

It has been reported by many researchers that the activity of CDs can be influenced by several
factors, 1. e., pH, concentration of carbon dots, metal ions concentration, reaction time,

. L 208320,34
experimental conditions 8.320.340.

etc. Therefore, among the parameters illustrated in the sensing
mechanism, we evaluate the selectivity of the detection system by acquiring the fluorescence
spectra in presence of different metal ions. Here we considered fluorescent properties as one of
the important output parameters. Thus, we have investigated the fluorescence quenching or
enhancement effects of various metal ions on CDs (KS-1) in deionized water (Fig.3.2.5).
Accordingly, the impact of different metal ions (e. g., Ca**, K*, Na*, Zn**, and Fe’*) are important
for various biological process, and thus each one at a concentration of 1 uM was used during the
experiment. The difference in fluorescence intensity of the CDs solutions in presence of various
metal ions was acquired. The fluorescence response of our CDs in presence of different
concentrations of Fe>* (from top to bottom 0, 10, 20, 40, 60, 80 and120 uM) was measured (Fig
3.2.5). As shown in (Fig3.2.5 a), the change in the fluorescent spectra has been shown for Fe’*.
The fluorescent intensity decreases with an increase in the concentration of Fe’*. Further, a two
steps fluorescent quenching is observed; one is between 1-20 uM with a sharp slope and the
second is 20-140 uM with an inclined slope of quenching (Fig. 3.2.5). Further, the fluorescence

quenching effect of the Fe®* ions is much stronger than that of the other ions such as Ca®*, Na®,

K* (Fig.3.2.6).
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Figure 3.2.5 (a) Fluorescence spectra of CDs of (100 pg. mL™) with different concentrations of
Fe*™.(b) Shows the dependence of fluorescence intensity on the CDs at 0-140 pM solution of Fe*,
shows a linear relationship between the fluorescence intensity and Fe* concentrations. so a two
steps linear relationship between the fluorescence intensity and concentration of Fe** in between
0-10 uM and 0-140 uM concentrations, respectively,(c) Shows the fluorescence intensity ratios
(F-Fo)/Fy of the CDs solution in presence of various metal ions and observed the quenching of

fluorescent.
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Figure 3.2.6: Fluorescence spectra of CDs of at 0-140 uM solution with different concentrations

of a) Ca®"b) Na"¢) K"

The dependence of fluorescence quenching for Fe™ found is concentration dependent (Fig.3.2.5
a-c). This phenomenon was observed typically due to the oxygen and nitrogen-containing groups
present on the surfaces of the CDs, which contribute to excellent water solubility and exhibited
their strong affinity towards metal ions. The external electronic environment of synthesized CDs
and their fluorescent properties are the keys in interaction with Fe*> and CDs rolled as an electron
or charge (energy) donor. Thus, the utility of the proposed CD-based sensor displays a turn-on
sensing podium for the Ca®*, K*, Na*, and Fe’* that are essential in the living body for various
biological reactions. It can also be noted that the sensitivity of metal ions was studied under an

optimized state to estimate the change in fluorescence intensity of CDs with metal ions at

different concentrations.
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Figure 3.2.7.(a) Fluorescence spectra of carbon dots of (100 pg/mL) with different concentrations
of Zn** (0-140 uM), (b) The enhanced in fluorescence intensity ratios (F-Fy)/Fy of the CDs
solution in the presence of metal ions Zn** and the CDs (as Blank).Fig.(c) Shows the dependence
of fluorescence intensity on the concentrations of Zn** (0-140 uM) and two steps linear relation
of (F-Fy)/Fy and Zn** concentration and Fig. (d) Shows a clear linear relationship between the
fluorescence intensity ratio (F-Fy)/Fy vs. concentrations of Zn* (0-20 uM) and relatively an

inclined linear response in between 20 to 140 uM.

Further, we have extended our study to check the detection ability of Zn*? by CDs, since it is an
essential metallic ion that is part of various biological processes in the body. It is evident that our
CDs show an enhancement in fluorescence emission as the Zn** was added to the CDs solution
(Fig.3.2.7a). The fluorescence intensity increases with an increase in the concentration of Zn*?
ions. This fluorescence enhancement occurred due to the higher affinity of the amine groups of

CDs to the Zn®* as it is shown in Fig.3.2.7 (b). From Fig.3.2.7 (c) it is obvious that the

University of Hyderabad Page 108



Results and Discussion: Part I Chapter-3

fluorescence emission of CDs in presence of Zn** with varying concentrations such as from top
to bottom: 0, 10, 20, 40, 60, 80, 120, and 140 uM revealed a two-steps linear enhancement; step-1
observed in 0-20 uM and step-2 observed in between 20 to 140 uM.The enhancement in the
emission intensity attributes that the Zn** exhibit a stronger electrostatic interaction with the
surface of CDs. It can be noted that Zn** was incubated with CDs for 15 min for all the
concentration of Zn** jons and the increase in the fluorescence intensity denotes that Zn”* exhibit
a strong coordination affinity with CDs due to the presence of -NH, groups. Thus, the Zn** jons
can be successfully analyzed with the fluorescence intensity of CDs. Further, from Fig 3.2.7 (¢), it
can be concluded that the linear relationship for Zn** ions in a range of 0 to 20 um (Fig.3.2.7 (c))
could be useful in designing biological sensors.In conclusion, our CDs are a better sensing
platform for the biologically important metal ions, since the achieved detection limit using our

CDs is excellent compared to the reported results.*>**

3.2.2.6 Biological relevant metal ion sensing activity

The fluorescent property of the nano materials is important for sensing and potential for

341

constituting molecular logic gate.” Further, designing logic gates and developing electronic

circuits in nano regimes based on multi-target sensing is important in molecular computation,

. . . 342
chemical detection, and fluorescent imaging.

Multi-target sensing activity of the CDs to metal
ions can be correlated with a logic gate as it is shown in Fig.3.2.8.Using the synthesized CDs, the
fluorescence intensity was kept fixed at 500 nm. The chemical detection signal activity of CDs
has been realized in the logic gate with the basic types as YES or NOT. Here, the output signal is
assumed as ‘ON’ state with a Boolean arithmetic value of ‘1’ with the original fluorescent
intensity. Whereas, the “OFF”state assumed with Boolean -arithmetic value of ‘0’ for the low
signal or no signal. Further, it can be noted that the main of the molecular logic gate is the signal

output that was produced by molecular physical or chemical interactions between CDs and

metallic ions.Therefore, the physicochemical and biological changes that occurred by interaction
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of CDs and metallic ions are their inputs for molecular logic gates. On the basis of the electronic
changes of CDs as output, we have designed individual elementary logic operations. Herein, our
CDs were used as a probe and Fe*® and Zn** as chemical inputs. Therefore, 1” and 0’ term the
presence and absence of signals, respectively and deliver the inputs and outputs, respectively to
the logic gates. The CDs interact with the metal ion Fe™ jons and form a simple biochemical
circuit that is represented as a YES gate and represented a single input signal as shown in
Fig.3.2.8a. The NOT gate ‘inverts’ the input signal and hence can be termed as an inverter gate
(Fig.3.2.8b) for the Zn**.CDs have a specific fluorescent intensity and on the addition of Zn*",
enhancement of fluorescent emission occurred as considered as response output (Fig.3.2.8b).
These gates can be operational and insignificantly can be used in the intracellular state of a
complex contact of diverse forms of neurological processes occurring in the living cells.*®
Further, this process can be useful to describe the small regulatory circuits to repair the happened

disorder.*** Likewise, this fluorescent-based logic gate concept to sense the oxidized or reduced

. 4
form of the neurotransmitter can be used.**’

Thus, in a two-input logic operation system, our CDs operate as a gate for the two chemical
inputs such as Fe** and Zn** (see Fig.3.2.8 (a)-(b)) although the signal outputs are different. For
Fe’*, the output signal diminished (quenching in fluorescence) with a continuous increase in the
concentration, whereas reversed phenomenon (enhancement of fluorescence) is observed with an
increase in the Zn>" concentration. Thus, diff erence in the emission of CDs with the addition of
ions was considered as the output signal for analyzing ‘ON’ and ‘OFF’ states in the system. Ion
inputs with varying concentrations resulted in four possible input string combinations such as 0,

0;1.0;and 0, 1; 1, 1. Tt can be noted that the metal ion such as Fe** used as input in absence of

the Zn** as the “YES’ gate and vice versa process has been followed for our study as the ‘NOT’

gate.
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Figure 3.2.8.a: Scheme of a simple ‘YES’ logic gate based on optical responses received at 500
nm considering as a device with input (Fe’*) and corresponding truth table for the schematic logic

presentation.

Input Output

INPUT OUTPUT 0 1(0)

1 0(1)

Figure 3.2.8.b: Scheme of a simple ‘NOT’ logic gate based on optical responses received at 500
nm considering as a device with input Zn** ions and corresponding truth table, for the schematic

logic presentation.

3.2.2.7 Drug loading and release study:

As discussed in the experimental section, 1000 pg of CDs were taken in free DOX (water-based
solution with 1:1 ratio, w/w) and then incubated for 24 h in dark with 50 RPM stirring. Then the
DOX-loaded CDs were separated through high-speed centrifugation and then dried in a vacuum
and stored at 4°C.With the supernatant, we analyzed the loading efficiency of DOX and
calculated it to be 527 ng per 1 ug of CDs in 24 h of incubation, which is quite a high loading. In
this work, CDs were synthesized from a naturally occurring carbon source (a waste product) and

the process of preparation is easy and cost-effective.

The release of DOX from CDs-DOX is important to decide the doses for the treatment of cancer

cells (MCF-7). A set of experiments were conducted to check the amount of release of DOX
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from the CDs-DOX formulation as it is explained in the experimental section. The release amount
was calculated with a certain time interval in PBS, (pH=7. 2) at physiological temperature (37 °C)
and found a sustained release up to 12 h. Further, it is calculated that the extent of release is time-
dependent (see Fig. 3. 2. 9). As an example, let's say for 1, 2, 5, 10, and 12 h, the extent of DOX
released (out of the loaded amount of DOX) from CDs-DOX calculated to be 54. 86+6. 32 ng,
141. 39+14. 22 ng, 254. 86+14. 49 ng, 322. 31+11. 85 ng, and 333.33 £11. 33 ng, respectively.
However, obtained release behaviour is very important for the treatment for a longer time, since

frequent doges are not required to apply to the patients to achieve effective treatment efficiency.
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Fig.3.2.9 Cumulative DOX released from the CDs-DOX formulation. A released study was

performed in PBS (pH=7. 2) at 37°C.

3.2.2.8 Biocompatibility studies of CDs

To study the toxicity assessment of synthesized CDs, we have conducted in vitro cytotoxicity of
the CDs and the results are shown in Fig. 3.2.10a and in Fig. 3.2.10b for CDs with and without

loading with DOX, respectively. Cell viability study was conducted through a standard MTT
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assay with different concentrations of the samples. We chose the incubation time of 24 h to check
the cell viability of CD concentrations using different concentrations such as 0, 15. 62,
31. 25, 62. 5, 125, 250, 500, and 1000 pg mL™" on normal splenocyte cells. As shown, CDs
exhibited viability of over 90 = 3. 5 % up to a concentration of 500 pg mL™". Above this
concentration, such as for 1000 ug mL'l, the cell viability was found to be less than 83. 0 = 10 %.
Thus, no significant amount of cytotoxicity was observed as compared to the pure CDs (Fig. 11a).
Then to check the therapeutic efficiency of CDs, it was loaded with DOX (a chemotherapeutic
drug). Then the formulation (CDs-DOX) was tested against MCF-7, which is an adenocarcinoma
breast cancer cell, which has estrogen (ER), progesterone (PR), and glucocorticoid receptors. The
toxicity against MCF-7 cells after 24 h incubation with free DOX of different concentrations such
as 0. 15,0. 3,0.625, 1.25,2.5, 5.0, and 10. O pg mL!. DOX-loaded CDs (CDs-DOX) were taken
with the equivalent weight of DOX loaded in CDs-DOX and the experiments were performed at
37°C and pH 6. 5. Results showed that the cytotoxicity of DOX encapsulated in CDs (CDs-DOX)
was higher than free DOX in direct contact with the cells. For example, with free DOX, with
equivalent concentrations of DOX 0. 15,0. 3, 0. 625, 1. 25, 2. 5, 5. 0, and 10. O pg. mL™" the
toxicity found to be 0. 52+ 5.54 %, 6. 75+ 4.49 %, 10. 76+ 4.52 %, 18. 90+ 4.27 %,32. 63+ 3.54
%, 38.24+ 3.492 % and 49.58+ 2.92 %, respectively. Whereas, for CDs-DOX with equivalent
concentrations of DOX e. g. 0. 15, 0.3, 0.625, 1.25, 2.5, 5.0,and 10.0 pg/mL the toxicity was
found to be 11. 96+ 5.54 %, 37.62+3.49 %, 50.30+ 4.92 %, 56.11+4. 73 %,67. 00+ 2.92 %,65.12+
3.27 %, and 71. 40+ 4.27 %, respectively. Thus, the lower values of loaded DOX in CDs
revealed that CDs significantly promoted the efficacy of DOX in killing the MCF-7 cells
concerning the free DOX. Further, the IC50 for the free DOX has been calculated to be 9. 85+0.
15 pg mL™", whereas IC50 of DOX loaded in CDs is found to be 0. 615+0. 15 ug mL"', which is
almost 16 times lower in value. This lower IC50 of DOX of CDs-DOX formulation suggests that
MCF-7 can be killed in lower doses of DOX as well a lower dose can reduce the associated side

effects. Therefore, it suggests that the CDs synthesized in this work can be a potential delivery

University of Hyderabad Page 113



Results and Discussion: Part I Chapter-3

system for anticancer drugs (Fig 3.2.10b), which further can be used for the loading and delivery

of other bio molecules/medicines too.

2 : _ (b)

L 120F | [ 3
100 2 . B sample + DOX|
- 100
"5?‘80:_ = g0
Zeol £
=2 ‘S 60
= [ ©
20k > 40
o r —
O20f S on
0

Opg 15.624931.25ug 62.5pg 12549 250ug 500 1000 pg Blank 0.15ug 0.3ug 0.625 ugl.25ug 2.5ug 5ug 10 ug

Concentration (ug/mL, Concentration (pg/mL)

Figure 3.2.10: Cell viability values (%) estimated by MTT assay for different concentrations of
CDs. (a) Cell viability for CDs alone and (b) Cell viability of the DOX loaded CDs (CDs-DOX)
and DOX alone. DOX loaded in CDs exhibited more toxicity towards the breast cancer cells

MCEF-7.

3.2.2.9 The synergic effect of CDs with DOX decreases the mitochondrial membrane

potential (MMP) (Aym)

The alteration in mitochondria membrane potential and mitochondrial damage is largely linked to
the underlying mechanism of apoptosis. It is performed that apoptosis is induced in the MCF-7
after treatment with CDs and the different loads of DOX with CDs. The loss of MMP during the
induction of apoptosis has been implied. Mitochondria play a crucial role in programmed cell
death and can be visualized by the loss of MMP. Flow cytometry is used to measure the change
in MMP and linked with the apoptosis of cells. To examine mitochondrial functions, fluorescent
potentio metric probes are available to measure the change in MMP. The fluctuation in
mitochondrial depolarization can vary according to the stimulus, cell types, and the approach of
observation. The decline in 4%¥m indicates a decrease in fluorescence owing to the diminished

capacity of mitochondria to hold the probe. Rhodamine 123 (Rh123) is well established staining
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dye to measure the change in mitochondrial membrane potential. Rh123 enters mitochondria and
is retained in the mitochondria. It leaches out from mitochondria whenever the mitochondria lose
their potential and here after the detectable reduction of fluorescence is observed which is directly

interconnected to the change in mitochondrial potential.
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Figure: 3.2.11. Flow cytometry study to calculate the diminution of mitochondrial membrane
potential by using fluorescent potentiometric probes Rh123. MCF-7 breast cancer cells were
treated with different concentrations of Dox (0. 25, 2. 5, and 5Spg. mL™") and different complex
formulations of CDs+DOX. After 24 h of treatment, cells were stained with Rh 123 and analyzed
through a flow cytometer. Figures show the percentage of mitochondrial depolarization in the
MCEF-7 cell line attained for different carbon dots. (Here KS-1 is the CDs).

Initially, we observed a change in the MMP of CDs as compared to the control sample (Fig.3.2.
11). Further, we found the increased doses of DOX (0.25, 2.5, and 5Sug. mL‘l) enhanced the
change in MMP in the MCF-7 breast cancer line.The interesting results observed after loading
DOX with CDs significantly decreased the MMP. The synergic effect of CDs with DOX was
observed in the manner of an altered MMP in the MCF-7 breast cancer cell line. All the data were

statistically evaluated by comparing them with the control sample.
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3.2.2.10 The synergic effect of CDs with DOX enhances the apoptotic cell death of MCF-7

breast cancer cells:

The apoptotic assay is one of the most commonly used assays to detect and quantify the cellular
events associated with programmed cell death. To determine the synergic effect of CDs with
DOX on the MCF-7 cell line the apoptotic cell death was quantified in different quadrants (Q1,
Q2, Q3, and Q4) (Fig. 3.2.12). We acquired 10,000 cells per sample to analyze the cell apoptotic
cell death. Cells were stained with Annexin-V and PI to detect apoptotic cell death. The
quadrants were set up according to the control cell result. Further, we noticed increased apoptotic
cell death as per the increasing concentration of DOX. Likewise, the combined effect of CDs

with DOX enhanced additional apoptotic cell death of MCF-7 breast cancer cells.
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Figure 3.2.12. MCF-7 cells were treated with CDs. After 24hr treatments with different
complex formulations of CDs+DOX, cells were stained with PI and Annexin-V FITC antibodies
to explore the apoptotic and necrotic cell death effect. Flow cytometry was used to acquire a total
of 10,000 cells and quadrants were set according to control. Quadrants represent Q1I, necrotic
cells; Q2, late apoptotic cells; Q3, early apoptotic cells; Q4, healthy cells for MCF-7 human

breast cancer cells after CDs (KS-1) treatment.
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3.2.2.11 Cell Imaging and study the cell morphology:

The imaging of cells is one of the essential factors to analyse cell morphology and easy to identify
the state of cells (Fig. 3.2.13). The representative photomicrographs of MCF-7 breast cancer cells
were displayed as typical 2D morphology with different dose conditions of CDs-DOX. The
images were taken with the help of light microscopy. In the image of MCF-7 cells in the control
(without treatment) condition, cells looked similar to polygonal-shaped sized. While after the
treatment with CDs-DOX (0. 5ug), the cell size of MCF-7 cells was reduced, and the number of
live cells was also reduced. As we noticed that the auto fluorescence of the live cells was found
to be reduced with the higher dose of DOX. We also observed a lower number of cells alive as
the dose of CDs-DOX increased. The morphology of MCF-7 cells was observed to be round with

a higher concentration of CDs-DOX.
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Figure 3.2.13. The representative photomicrographs of MCF-7 cells were shown as typical 2D

morphology. The upper left: MCF-7 cells without treatment, upper right KS-1 (CDs) +DOX 0.
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Sug, lower left KS-1(CDs)+DOX 2.5ug, and lower right KS-1(CDs)+DOX S5ug (10x
magnification). In normal conditions, the most established cell masses with a polygonal
morphology. Images were taken by light microscopy and shown with fluorescence at phase
contrast.
3.2.3. Summary

In this work, CDs were synthesized through a green synthesis method. The prepared CDs are
spherical and a distinct green fluorescent emission was obtained from the CDs. These CDs
exhibited an efficient metal ion detection ability, predominantly Fe**, and Zn?*. Further, a
comprehensive study was made on the advancement of CDs-based logic gates based on the metal
ion sensing properties. The sensing properties of metallic ions have been explained
mechanistically by two types of possible logic operations based on the nature of CDs. Further, the
results can help researchers to develop more biocompatible and cost-effective CD-based chemo
sensors with logic gate applications and can provide a huge impact in the clinical area. Finally,
our CDs can be loaded with anticancer drugs and are useful for the treatment of breast cancer with

low doses of drugs.
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Chapter: 3

RESULTS AND DISCUSSION:PART —I11

High temperature synthesized carbon dots and its

absorption of heavy metal ions.

3.3.1. Introduction & Motivation

In the present days, heavy metal ion pollution has become a serious issue in rapidly developing
economy causing around the world.>*® The environment and ecological balance are diversely
threatened by the heavy metal ions and non-biodegradability®’ in nature. Henceforth, the
identification of ions of heavy metals becomes a focus for researchers.’*’ The basic definition of
heavy metal is it has an atomic weight greater than 20 and a density”*® greater than 5.0g/cm’. It is
usually believed that the heavy metal ions present naturally do not threaten the human body and
ecology.”® However, day after day revolution in the industry the standard limit has been
increased in rivers, lakes, and soils. Once heavy metal accumulated in water sources or animals
and plants, it entered the food chain and which leads to its presence inside the human body.**As
soon as heavy metal ions entered the body it interacts with enzymes and protein but it never

350

metabolized by the human body™",so they lose biological activity. In continuation with this

351

heavy metal ions can accumulate inside the body acute kidney failure (AKD)**', memory loss*,

breathing difficulties®?, and possibly even cancer.”*

It has been stipulated by The United States
Environmental Protection Agency (USEPA) thehighest concentration in drinking water for

heavymetals, such as 1.3 ppm Cu, 2 ppb Hg, 15 ppb Pb, 10 ppb As, 5 ppb Cd and 100 ppb Cr,
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respectively.”> Keeping this in mind the detection and removal of heavy metal ions have been

studied by scientists.

In the last few years, the identification and detection of the process of fluorescence quenching is
the process where quantum yield decrease in the form of fluorescence induced by a variety of
molecular interactions with a quencher molecule. There are various methods that we can use for
the detection of heavy metal ions among them ICP emission spectroscopy, fluorescence
spectroscopy, UV-Visible spectroscopy, atomic absorption, etc. ¢ Among them, few are
previously mentioned, and fluorescence spectroscopy is one of the ways a more appealing
techniques due to its great sensitivity, facile operation, and wide range availability. One of the
problems associated with the detection of heavy metal ions that flour sense is the ability among
some metal ions to reduce emissions resulting in intense quenching in flour sense. We all know
that quenching refers to the process where the fluorescence intensity decreases in a given

substance. The process involved in this process is excited-state reactions.
3.3.2. Results and discussions
3.3.2.1 Morphology Structural characterization

CDs were created in the manner specified in the experimental section. HRTEM was used to
describe the shape and size of the as-synthesized CDs, which were then shown at various
magnifications (Fig.3.3.1a). The TEM pictures clearly show that the CDs are synthesized mono-
dispersed spherical, with a mean size of 7 nm (Fig.3.3.1.b). The crystalline character of the CDs
is likewise corroborated by the SAED spectra (Fig. 3.3.1c). The elemental composition of CDs
was determined using EDAX spectra obtained from a TEM experiment (Fig 3.3.1d), and the
existence of elemental oxygen and carbon was confirmed for KN-1 and KN-2 CDs is shown in
the (Fig.3.3.1e) and particle size distribution in shown Fig.3.3.1f. To know crystalline nature the

SAED pattern of KN-2 has been shown (Fig.3.3.1g). From EDAX spectra obtained from TEM
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elemental analysis has been shown inFig.3.3.1 h. To assess the morphology TEM images of the
carbon dots shown in Figure 3.3.1 for KN-1(a-d) and KN-2 (e-h), and shows them spherical,
approximately 6-7 nm in diameter. From the TEM data, it is clear that the Carbon dots are

eventually self-assembled on the copper grid with a long-range order.
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Figure 3.3.1 Particle size and morphology studied through the TEM for the samples: (a) typical
image of KN-1, (b) Particle size distribution of KN-1,(c) SAED generated by TEM for KN-1 (d)
EDAX of KN-1 (e) TEM images of KN-2, (f) Particle size distribution of KN-2, (g)
corresponding SAED patterns of the specimens processedKN-2, (h) EDAX elemental analysis of

synthesized CDs, (i-j) AFM images of synthesized CDs for KN-1 and KN-2.
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3.3.2.2 Chemical Functionality

The synthesized carbon dots composition of the surface functional groups was determined with
FT-IR spectroscopy. Figure 3.3.2(a-b) shows the FT-IR absorption spectra of CDs evaporate from
an aqueous suspension. It can be seen from Figure 3.3.2(a-b), on the surface of both types of CDs,
that there are many  functional  groups  presents as 3305 cm-'(N-H)
stretch,1729cm-'(C=0O)stretch, 1434cm-'(H-O) bending,1063cm-'(0-C) stretch,871-837cm-'(C-
H) bending for KN-1 and 3021cm—1(C-H), 2933 (C-H) stretching, 2848 cm—l(N—H)
stretching, 1557 cm-'(N-O), stretching, 1422cm-'(O-H) bending,1218cm-'(O-
H)stretching,7SOcm—1(C—H) bending, 669 cm—l(C=C) bending for KN-2. From the FT-IR analysis
of both the samples, it is very clear that the surface composition of the surface of KN-1, and KN-2
are different as obtained from the FT-IR spectra of the samples. . NMR spectroscopic techniques
are performed Fig. 3.3.2(c-d). Signals are found at roughly at 1.3 and 1.8-1.95 ppm in the C-dots
'H NMR spectra, before and after dialysis, perhaps due to the presence of hydrogen (H) from
non-cyclic alkenes. Signals ranging from 3.5 to 4.3 ppm observed might be caused by the
presence of oxygen-containing groups (alcohols, esters, or carboxylic acids). The most noticeable
changes in C-dots in NMR spectra observed between 3.5 and 4.3 ppm, which is caused by the
presence of oxygen-containing compounds, and small molecules, according to the NMR finding.
Henceforth, NMR can categorize the chemical modifications, which can be occurred during
carbonization due to the surface modifiers. Furthermore, CDs’ characterization is quite easy using
NMR, because of its non-destructive nature. Although these advantages, NMR also considerable
demerits such as lower sensitivity, greater time-consumption, and higher costs, as compared to the

mass spectrometric methods.
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Figure 3.3.2 FT-IR spectrum of the samples: (a) KN-1 and (b) KN-2 and NMR data for (c) KN-1
and (d) KN-2.

3.3.2.3 Thermal stability of Carbon dots

Carbon Dots (CDs) in the most up-to-date years are thermally stable. The thermal stability of CDs
has already been discovered to have significant benefits with numerous factors, paving the way
for further research and development in the area. In the continuation of TGA data in Fig 3.3.3(a-
b),the carbon dot weight loss curve shows mass loss of ~20 %at 40— 150 °C, because of moisture
depletion in carbon dots. In the temperature interval at 151-620 °C, the mass loss was attributed
to the decomposition of organic components in carbon dots. While there was no visible weight
loss at temperatures greater than 720°C, the final weight loss that nearly began at about 620 °C
might represent the breakdown of remaining carbon for KN-1 and KN-2 showing 20% loss
around 40-130 °C followed by 130- 390 °C mass loss and 580 °C decompositions of all carbon

residuals. Differential scanning calorimetric (DSC) for KN-1 shows exothermic peaks at about
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100, 124 °C (Figure 3.3.3¢) and for KN-2 at around 73 °C (Figure 3.3.3d). The DSC for KN-
1 displays a sharp exothermic peak between 100—-130 °C. Furthermore; the differential scanning
calorimetric data shows precursor KN-1 has strong exothermic decomposition as compared to

KN-2.
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Figure 3.3.3: Thermal stability studied through TGA for the samples: (a) KN-1, (b) KN-2, DSC

thermal graph for the samples: (c) KN-1, (d) KN-2.

3.3.2.4 Structural properties

Figure 3.3.4 a-b indicates the powder XRD pattern of carbon dots of KN-1 and KN-2. The XRD
pattern shows a mixture of crystalline and amorphous materials. The XRD will show both sharp
and wide characteristics, if the material is a combination of both amorphous and crystalline
materials. The pointed peaks are caused by the crystalline component as well as the wide or blunt

characteristics of the amorphous part which also support the data SAED pattern of the TEM

image.
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The synthesized CDs’ Raman spectrum (Figure 3.3.4c-d) demonstrates two wide ranges of peaks
at concerning 1573 and 1333 cm™ for KN-1 and 1578 and 1335 cm™ and KN-2, respectively,
which might be allocated to G (graphitic, sp3 carbon) and D (defect, sp2 carbon) bands
accordingly. The existence of another band can be stated by the amorphous characteristic of
prepared CDs. We know that the D band derives from the carbon molecule vibrations and with
dangling bonds within the termination plane of disordered graphite or glassy carbon, whereas the
G band is associated with the graphite E,, mode and the sp2—bonded carbon atoms vibration in a
two-dimensional hexagonal lattice®. Henceforth, we can conclude that during the plasma
process, functional groups like C=0, C-O, and O-H are effectively linked to graphitic-structure
carbon dots. The presence of hydroxyl and carboxyl groups in CDs results in excellent solubility

in water. Whereas, Carbon dot oxidation state affects emission properties.
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Figure 3.3.4: XRD pattern for the samples: (a) KN-1 and (b) KN-2 Raman spectroscopy (c) KN-
1 and (d) KN-2
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3.3.2.5 BET (Adsorption-desorption) surface area analysis, pore size analysis

The synthesized isotherms of nitrogen adsorption/desorption of CDs are shown in Figure 33.5 a-b
for KN-1 and KN-2, respectively. The degassing process has been done at 150 °C for 4 hr. Thus,
the results of KN-1 and KN-2are compared to discover changes in porosity produced by
annealing. The isotherms, as depicted in Fig 6a-b revealed a type IV isotherm with a clear

hysteresis. The BET surface area of KN-1 is calculated to be 9.6862 m?/g, whereas 8.7338 m?/g

obtained for KN-2.
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Figure 3.3.5: BET experiments: BJH adsorption-desorption isotherm for the samples: (a) KN-1

and (b) KN-2. Pore size distribution profile for the samples. Pore size calculated from BET for

(c) KN-1 and (d) KN-2.
3.3.2.6 Zeta potential and Zeta size

As one of the divisions of the characterization of an aqueous suspension of CDs at the first stage,
the value of size and zeta potentials in aqueous suspensions were determined. When we
investigated the armed with liquid phase measurements positive detection methods, the photon

correlation spectroscopy technique is useful for more of the hydrodynamic element dimension
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purpose for CDs’ characterization. Although this process, the radius of CDs is able to be analysed
via which depends on the diffusion rate of CDs in liquid media. In addition, zeta-potential
dimensions can find out the surface charge of CDs, which can be generally engaged for the

chemical functionalization and characterization on the surface of CDs.**

The sample zeta potential informed the degree to which the equally charged and neighbouring
molecules in dispersion, resulting in adapting the stability of CDs. In addition to this, the zeta
potential technique gives information regarding CD’s qualities such as double-layer properties
with different hydrophilic groups (hydroxyl, carboxyl, and carbonyl). It follows from the obtained
results that the KN-2 samples are more prone to aggregation in water as compared to the KN-1,

which also be explained by the lesser value of the zeta potential of the suspension.
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Figure 3.3.6: Zeta potential profile for the samples: (a) KN-1 and (b) KN-2. Particle size obtained
from DLS for (¢) KN-1 and (d) KN-2.
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3.3.2.7 UV-Vis absorption

The ocular image of CDs dispersed into water and absorbance measured in presence of UV light
is shown in Fig.3.3.7 (a-b), correspondingly for KN-1 and KN-2. The synthesized CDs suspended
in water exhibit UV radiation causing a significant emission (at 273 nm and 268nm). The
ultraviolet absorption spectrum of the as-synthesized CDs is revealed in Fig.3.3.7, related to the

C=C bonds and the n-nt* transition of C=0 bonds.
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Figure 3.3.7: UV-Vis spectra for the samples (a) KN-1 and (b) KN-2.
3. 3.2.8 Fluorescence spectra of heavy metal quenching of carbon dots

The previously published carbon dots have made footprints for their non-toxic and hydrophilicity
characteristic of fluorescence sensing, and have become environment friendly.As a result, the
newly designed facile synthetic way with attractive sustainable carbon sources has caused the
researchers to focus on Carbon Dots. Considerably, CDS can reduce production costs and make a
possible large-scale synthesis.The fluorescence quenching characteristic of the CDs is changed
when it reacts with the metal ions in presence of surface functional groups of the CDs. Usually,
the suitable plan of a Carbon Dots sensor can optically detect heavy metal analytes (metal ions).
The selection of a carbon source is necessary for this and synthesis of the CDs is the primary

criteria. In the same way, in optical sensing, the existence of carbon dots with metal ions can
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change the dot's optical signal, which causes a turndown or change in the strength of emission

spectra or the absorption spectrum.
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Figure 3.3.8: a) Fluorescence spectra of KN-1 carbon dots of (100 pug/mL) with different

concentrations of different metal ions (AI’*,Cd*, Mn*, Ni**, Co™, Cu*, Cu" and As™)

concentrations (0-140 uM).
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Figure 3.3.8: b) Fluorescence spectra of KN-2 carbon dots of (100 pg/ mL) with different

concentrations of different metal ions (Al**, Cd*, Mn*, Ni**, Co*, Cu*, Cu" and As™)

concentrations (0-140 uM).
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This signal indicates how the specific metal ions are interacting. It cannot be utilized as a
fluorescence sensor, if the metal ion does not affect the CDs signal. As a result, among the criteria
depicted in the sensing mechanism, we test the detection system's selectivity by capturing
fluorescence spectra, when several metal ions are present. One of the key output characteristics
here was fluorescence properties. As a result, we evaluated the quenching or enhancing effects of
several metal ions on CDs (KN-1) and (KN-2) in deionised water (Fig.3.3.8a-b).As a result, the
influence of several metal ions (e. g., AI**,Cd**, Mn**, Ni**, Co*?, Cu®™, Cu" and As™) is significant
for water pollution or related to heavy metal ions related hazards, and each one was employed at a
concentration of 1 uM during the experiment. CD solvent fluorescence intensity is measured in
the existence of various metals. Next, metal-induced fluorescence was investigated using Al**,
Cd**, Mn*" Ni**,Co*, Cu**,Cu" and As™ metal ions containing solutions. When compared with

the emission significance of AI’*, Cd**, Mn**, Ni**, Co™and As" significantly reduced

.. 2 . e
fluorescence emission, whereas Cu”" and Cu" showed a significant enhancement of fluorescence.
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Figure 3.3.9: Fluorescence spectra with different concentrations of metallic ions (a) KN1 and (b)
KN2, The fluorescence intensity percentage ratios (F-Fy)/F, with different ions (AI’*, Cd*", Mn*",

Ni**, Co™?, Cu**, Cu* and As™).
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Notably, the fluorescence response of our CDs in the presence of various metal ions such as
AI’*,Cd*, Mn*, Ni**, Co*?, Cu®™, Cu™ and As™ in different concentrations (from top to bottom 0, 10,
20, 40, 60, 80, and 120 M) was measured. The decrease in intensity of fluorescence spectra for
AI**, Cd**, Mn**, Ni**, Co**,and As™ is illustrated with a percentage of decrease. The fluorescence
intensity diminishes as the concentration of AI’*,Cd**, Mn*, Ni**, Co*, and As" increases.
Furthermore, the fluorescence quenching impact of cadmium (-30%) KN-1 and arsenic (27%)
KN-1 ions in manufactured CDs are significantly higher than that of other ions such as AI’*, Mn*"
Ni**, Co** etc. Furthermore, we have expanded our research to examine the detection capabilities
of Cu™, and Cu" by CDs. Our CDs exhibits an increase in fluorescence emission Cu** and Cu* as
added to the CDs solution. The intensity of the fluorescence increases as the concentration of
Cu™, and Cu" ions increase. This fluorescence amplification is caused by the greater affinity of
CD functional groups for Cu®* and Cu* ions. The fluorescence emission of CDs in the presence of
copper with different concentrations, such as from top to bottom: 0, 10, 20, 40, 60, 80, 120, and

140 M, is seen (Figure 3.3. 9 a-b).

3.3.2.9 Biocompatibility

The biocompatibility of carbon dotsin vitro conditions on normal splenocytes cells was
investigated how it influences the effect of carbon dots on cell proliferation assay by the MTT.
To study whether carbon dots affect cell proliferation or not, the MTT assay (Figure3.3.10a-b)
was performed for KN-1 and KN-2. Untreated cells were treated with (0, 15. 62, 31. 25, 62. 5,
125,250, 500, and 1000 pg/ mL various concentrations of carbon dots for 24 hrs were followed to
the MTT assay for biocompatibility determination, whereas after 24 hrs of carbon dots treatment,
normal cells showed more than 90% viability up to 125uM and 250 uM concentrations of carbon
dots (Figure 3.3.2.10a-b).These results directed that carbon dots do not show detectable

cytotoxicity up to 125uM and 250uM concentrations of CDs until 24 hrs of incubation.
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Figure 3.3.10 Illustrate the Cell viability values (%) estimated by MTT assay versus incubation
concentration of CDs at different concentrations (0, 15. 62, 31. 25, 62. 5, 125,250, 500, 1000
ug/mL) at 37°C for 24 hrs. for two different samples i.e (a) KN-1 and (b) KN-2 in normal

splenocytes without any drug molecule.

3.3.3 Summary

In the summary, we successfully synthesized heavy metal quencher carbon dots from the neem
seed kernel part at a higher temperature calcinations process. Our study demonstrates that CDS
sensitivity on heavy metal ions is as low as a low detection limit. CDs were produced using a
green synthesis process in this work. The synthesized CDs are spherical, and CDs with sizes of 7
nm and 6 nm emit a unique green light. These CDs were capable of detecting metal ions such as
AP*,Cd*, Mn*" Ni¥*, Co*?, Cu®, Cu* and As** with cadmium fluorescence quenching and Cu®*
fluorescence intensity increasing. This method offers advantages of selectivity, economics, and
simplicity and it is a green approach for the environment. The prepared sensing system possesses
specific binding and selectivity toward heavy metal ions and has been successfully used for the
analysis of samples. This article also demonstrates the green methodology of fluorescence and

biocompatible capability on the small-size carbon sample.
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Chapter: 3

RESULTS AND DISCUSSION: PART -1V

Attempt to reveal the structures of cellulose from bark Neem

antimicrobial activity and Their Application: An in vitro study.
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Chapter: 3

RESULTS AND DISCUSSION:  PART -1V

Revealing the structures of nano cellulose from Neem bark antimicrobial

activity and their application: an in vitro study.

Introduction & Motivation:

Agricultural waste products are increasingly being used to create value-added bio composites3 3

for a variety of industrial uses.> Among them, neem barks are intriguing. These agro residues

58 359

are primarily constituted of three constituents: cellulose®’, hemicelluloses™, and lignin.
Among them, cellulose and hemicelluloses are carbohydrate compounds that can be easily
degraded via biological enzymes and/or chemicals and fermented product useful in production of
bio fuelss, bioelectricity360 and biomass derived chemicals etc., Because of the demand for
renewable®®' resources and ecological sustainability, both the academic and industrial sectors
have recently focused heavily on the creation of bio products in a more cost-effective and time-
efficient manner. Certain cellulose'” compounds have already been used in medicines and
scaffolds, as well as food additives, building materials, and textiles. According to a numerous
recent investigation, nanocellulose (NC) may be isolated from the Neem bark (scientific name:
Azadirachta Indica).*** Because of its great porous ness and magnificent water absorbing
qualities, in addition to its flexibility to mould into any shape and experiment with different bio
agents. Nanocomposite111 is incredibly clever nano biomaterials towards biological applications6.
Extract of neem bark (NM) is employed within this study because of its antibacterial >,

363
1

antiviral™”, and antifungal36 capabilities. However, there has been little study observed on the

application of bio-extracts, particularly neem bark extract, to illustrate the antibacterial 2

characteristics of Nano cellulose. Cultivation of herbal agents are quite easy and herbal medicine

shows low mammalian cytotoxic effects, mortify quickly in the surroundings, eco-friendly and
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alternatives to synthetic antibiotics that cause side effects and increase the resistance.
Nanocellulose is appealing for applications in many industries due to its exceptional
characteristics and biodegradability; including Surface modified material, nanocomposite
materials, or permeable paper with specific functionalities. Agricultural wastes are becoming
increasingly appealing as a resource for nanocellulose manufacturing. It is not only prolific, but
the use of agricultural left overs may increase the value of nanocellulose from non-valuable waste
to significant profits. Furthermore, effective agricultural waste management is essential to the
environment. As previously indicated, lignocelluloses biomass contains both cellulose and non-
cellulosic material components such as hemicelluloses, lignin, and other natural fibers chemicals.
Pre-treatment of biomass is critical for eliminating components that are not cellulosic and leaving
only cellulosic materials to be extracted later from nanocellulose.

Various components of the Neem plant (leaf, bark, and seeds) have been demonstrated to offer a
wide range of pharmacological actions like anti-oxidant, anti-malarial, anti-mutagenic, anti-
carcinogenic, anti-inﬂammatory25 > ,anti-hyperglycemic, anti-bacterial®®', antiulcer, and anti-
diabetic properties. With this background knowledge, we have developed cellulosic nanofiber
and assessed for their physicochemical parameters and anti-bacterial activity.

3. 4. 2 Results and Discussion
3. 4. 2. 1 Morphology confirmation

TEM assisted image the shows the hairy form of nanofiber structure 3.4.1(a-d) with mean
diameter of 160 nm and the hydrodynamic diameter of 240 nm. The TEM images show
spherical droplets or elongated, segregated regions along the fiber's long axis. TEM images also
elucidated the nanocellulose fibers are semicrystalline in nature which further conformed
through XRD. Nanofiber shows the crystalline nature (fig 3.4.1d). FESEM images elucidated
the surface of the fibers are smooth and arrangement create the Nano pores Fig 3.4.1e. These

nanopores could give the highest surface area and could be beneficial for the loading and
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releasing of drug. From the AFM surface topography and height profile, it is estimated that the
nanofiber has an average depth of 30 nm (AFM images Fig 3.4.2.(a-b)). Channel can be seen

even at lower magnifications.

Figure 3.4.1 Transmission electron microscope (TEM) micrographs of nanofibers shown from
lower to higher magnification.Fig. (a-d) and (e) FESEM micrographs of a synthesized NC of
nanofiber, scale bar is ~1 um; (f) SAED pattern of neem bark Nano cellulose synthesized in the

acid hydrolysis process.
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Figure 3.4.2 (a) AFM images of nanofiber, and (b) Corresponds to 3D image of NC.

AFM results shows the surface roughness, depth profile and increased surface area provided by
void space, which could be an advantage to load with the assistance of its branch structure and it

can used medicines.
3.4.2.2 Chemical functionality and thermal stability

The differential scanning calorimetry (DSC) methodology is utilized to examine the thermal
characteristics of the materials (Fig 3a). The thermal behaviour of neem nanofibers (TGA) is
depicted in Figure 3.4.3 b.It was observed that nanofiber has three stages of thermal degradation.
The very first stage upto 150°C, due to moisture evaporation along with solvent has been shown.
Further degradation of fibers observed from 212 °C to 354°C. The third step decomposition
observed from 355°C to 625°C shows the degradation of functional groups. Furthermore, the
nanofiber decomposes completed at temperatures ranging from 625°C to 761°C. In continuation

to identify those functional groups specific to the extract, FT-IR spectra were acquired.

FTIR analysis was carried out on raw materials and cellulosic nanofibers. And further change in
chemical structure were studies by total attenuated reflection (ATR) analysis. The interactions
between the active component and the nanofiber, as well as their functional qualities, were
investigated using FT-IR spectroscopy. Fig.3.4.3c shows the FTIR spectra of nanofiber
compositions. The nanofiber spectra showed the characteristic peaks appeared at 3292 cm’™
induced by N-H stretching, 2925 cm'for C-H stretching in alkenes, 2839cm'for C-H, as well as
1557 cm™ for N-O and 1410 cm'for O-H, 1043 cm'for S=O. (Fig.3.4.3c ). The UV-Vis

absorption spectra was recorded (Figure 3D). And absorption band appeared at 258 nm, for the

n—o* changed the bond present in NC (see Figure 3.4.3 d).

University of Hyderabad Page 139



Results and Discussion: Part IV Chapter-3

(a) (b)
E o 100
E,l g0}
3 a
] 960
E'4 et
Y- 540 f
) @
T6¢ =20}
-8t 0
10 b . . . . 100 200 300 400 500 600 700
100 200 300 400 500 @ Temperature °C
(C) 25
q;IOU
: 320
@ S
"E 98 B 8 15 [
@ S
& 96} L£1.0F
= @
R <05}
94} <
PP — [ PPN RPN s 0_0 1 L L 1
4000 3200 2400 1600 800 240 300 360 420 480
Wavenumber in cm™ Wavelenath (nm)

Figure 3.4.3 (a) Differential scanning calorimetry (DSC) illustrates the difference phase of
change at different temperature. (b) TGA thermogram of nanofiber @ heating rate of 10 °C/min,
(c) FT-IR spectrum and (d) UV-VIS spectrum with a maximal absorbance peak appeared at 259

nm.

3. 4. 2. 3 Structural and surface zeta potential

The Raman shift for the Nanofiber has been obtained and also decongratulated spectra has been
shown in Figure 3.4.4 a. The Raman shift for the NC has been obtained, and the existence of the
D band at 1335 cm’ has been confirmed for the presence of sp2 combination (in-plane
vibration) with a G band emerged at 1564 cm’™ for out-of-plane vibration, signifying structural
defects. The cellulose nanofibres obtained from neem bark get a negative charge zeta potential.
Cellulose nanofibres is having negative zeta potential, -43 mV (Figure 3.4.4 b), indicating that
these nanofibres are stable. (Figure 3.4.4 c) depicts the results of DLS determinations in

continuation of Z-average diameter. The particle sizes of the cellulose nanofibres processed by
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acid hydrolysis, are greater in size than those are found in the other products. The typical width
of cellulose nanofibres particle was 411.1nm and 68.2 nm. The XRD analysis demonstrated the
understanding of the synthesized NC crystalline structure. The much broadened and less intense

XRD peaks in Figure 3.4.4 (d) indicated the semi crystalline state of the product.
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Figure 3.4.4 (a) Carbon nanofibers with Raman defects reported from regenerated cellulose
nanofibers,b) The zeta potential values of cellulose nanofibres derived from neem bark. (c) The
diameter, size distribution of Neem bark nanofibres, and (d) XRD patterns of the Neem bark

nanofibers.

3. 4. 2. 4 Surface area analysis and pore size

Nitrogen adsorption/desorption isotherms of CDs produced are shown in Figure 3.4.5 a-b for the
nanofiber sample. The degassing procedure took 4 hours at 150 °C. As a result, nanofibers are
compared to identify the changes in porosity produced by annealing. The isotherms revealed a

type IV isotherm with obvious hysteresis, as shown in (Fig 3.4.5a). The estimated BET surface
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area is 12.7338 mz/g. The dynamic viscosity of the liquid against temperature is depicted in
Figure 3.4.5(c-d). Because of the higher velocities of individual molecules, the period of contact
between surrounding molecules of a liquid reduces as the temperature rises. The macroscopic

result appears to be a reduction in intermolecular force and viscosity.
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Figure 3.4.5 (a) BET-adsorption-desorption isotherm of the investigated carbon nanofibers, (b)
Pore size distribution, (c) Graph of Dynamic Viscosity Vs Temperature of nanofiber. It is
evident from the graph, as temperature increases, the density decreases. (d) The plot of viscosity

vs. Shear rate of nanofiber

3.4.2.5 In vitro antibacterial activity of cellulose nanofibers

The disk diffusion results depicted in (Fig. 3.4.6) indicated 4 th number sample was used to
investigate the antibacterial response of nanofiber. In case of Staphylococcus aureus has shown
MIC 0.281mg/mL and followed by 16 mm inhibition zone). Candida albican and E.coli also

shown less than 5 mm and 7 mm inhibition zones, with MIC 2.25 mg/mL for both. Klebsiella
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pneumonia is not showed any inhibition zone. Further our results conclude that nano cellulose
fibers shows the antibacterial property against Staphylococcus aureus, Candida albican and

E.coli.

Figure 3.4.6. Antibacterial activity images of several discs concentrations of Neem bark
nanofiber antibiotics on (A) Escherichia coli, (B) Candida albicans, (C) Staphylococcus aureus
and (D) Klebsiella pneumoniae

3. 4.3 Summary

The synthesized nano cellulose fiber was quantitatively and qualitatively tested for antibacterial
activity. Nanofiber was synthesized successfully by chemical process respectively. Spectra,
photon correlation spectroscopy, Scanning Electron Microscopy (FESEM), and X-Ray
Diffraction (XRD) analysis were used to characterize the nanocellulose fibers in detail. The
mean particle size was determined using photon correlation spectroscopy and FESEM image

12

analysis. The antibacterial activity % of neem bark cellulosic nanofiberas a factor of
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nanoparticle concentration was evaluated against four different bacteria, especially E.coli.,
Candida albicans, Staphylococcus aureus, and Klebsiella pneumoniae. Staphylococcus aureus
s a Gram-positive spherically shaped bacterium that belongs to the Bacillota and is
commonly found in the upper respiratory tract and on the skin. It is a facultative anaerobe that
can grow without oxygen and is typically positive for catalase and nitrate reduction. When
germs enter the circulation, it causes sepsis. Pneumonia is a disease that mostly affects persons
with underlying lung illness, especially those on mechanical ventilation. Endocarditis*® is an
infection of the heart valves that can cause heart failure or stroke. Osteomyelitis364 (bone
infection) can be caused by staph bacteria in the bloodstream or by direct contacts, such as after
a foot puncture wound or intravenous (IV) drug miss use. Some E. Coli **° bacteria produce a
toxin (a harmful chemical) that can harm the small intestinal lining. This might result in severe
stomach pains, vomiting, and diarrhea (often with blood in it). People can become dehydrated as
a result of this. Therefore, the test was performed by the disc diffusion assay estimation method.
From the study, synthesized nanofibers were observed to have strong antimicrobial potential.
The MIC and inhibition zone study of four different microorganisms was carried out in presence
of a different concentration of nanofiber to observe the effect on the growth of the bacteria in
liquid media. It was observed that both E.coli and Staphylococcus aureus strongly affected by
Nanocellulose fibers. It was also observed that the growth rate was strongly inhibited by the
presence of a small concentration of nanofiber. We investigated A. Indica (Neem), for their

antimicrobial effectiveness against target endodontic pathogens such as Escherichia coli,

Candida albicans, Staphylococcus aureus, and but it is not effective on Klebsiella pneumonia.

University of Hyderabad Page 144



Summary & Conclusions Chapter-4

CHAPTER -4
SUMMARY AND CONCLUSIONS
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CHAPTER -4
SUMMARY AND CONCLUSIONS

4.1 Summary and Conclusions

The brief of this thesis has been discussed in this chapter;The study's goal was to investigate the
synthesis of Carbon Nanodots (CDs) and the notion of applications in lighting, sensing, and
cancer cell death. The scientists also needed to determine if the CDs were hazardous or not, as
this may impact their applicability.

The literature on CD toxicity is fairly sparse, including inconsistent cell-based in-vitro
investigations. Three of these questions were addressed in the study: 1) Is it possible to limit the
emission of CDs? 2) Are the CDs non-toxic, despite the fact that the majority of the literature
claims that they are? 3) Can the CDs be used for illumination, sensing, or biological
applications?etc. However, the chapter wise summery of this dissertation is appended below.
Chapter -1 Covers the introduction to biomaterials and nanotechnology, and then discusses the
application of nanotechnology in biomedical domains. Furthermore, a thorough literature
analysis on biomaterials and nanomaterial production for cancer applications has been
presented. Finally, the first chapter elaborates on the dissertation's motivation and aims.
Chapter -2 Provides information on the preliminary materials utilized in this thesis. More
information on the process used to create mesophorous carbon material, carbon dots. In
addition, the fundamental principles of the experiment procedures employed for the

characterisation of produced nanocapsules/nanoparticles have been thoroughly described.
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Chapter-3 is the results and discussion part of these dissertations. Which is further divided into

three parts. They are as below:

In Part I of chapter-3: Synthesis of seed derived carbon nanocapsules cell imaging,

depolarization of mitochondrial membrane potential, and dose-dependent control death of breast

Cancer.

The main findings of this part have been summarized below point wise.

2
L X4

2
L X4

We reported a green one-step synthesis approach of mesoporous carbon nanocapsules
from Azadirachta indica seeds and their uses for theranostic applications.

Carbon nanocapsules is economical for the large-scale production also highly water-
soluble, emit strong fluorescence light, and are highly stable.

However highly biocompatible to the normal healthy cells and are good candidates for
the absorption in the cytoplasm and affects the breast cancer cells more than normal cells
and multicolor living cell imaging.

Finally, Azadirachta indica seeds derived carbon nanocapsules may hold a huge potential

for the cell imaging and therapeutic applications.

In Part II of chapter-3: Synthesize of carbon dots for Kernal part of seed: Photoluminescence

mechanisms and applications in detection of biological relevant metal ions.

The main findings of this part have been summarized below point wise.

R
%

R
%

CDs was synthesized through a green synthesis method.

The prepared CDs are spherical in shape and a distinct green fluorescent emission was
obtained from the CDs.

These CDs exhibited efficient metal ion detection ability, predominantly Fe**, and Zn**
Finally, our CDs can be loaded with anticancer drugs and useful for the treatment

ofbreast cancer with low doses of drugs.

In this direction, more study in in vivo can be accomplished as a future scope of this work.

In Part III of chapter-3: High temperature synthesized carbon dots and its absorption of heavy

metal ions.

University of Hyderabad Page 147



Summary & Conclusions Chapter-4

The main findings of this part have been summarized below point wise.
We successfully synthesized heavy metal quencher carbon dots from neem seed kernel
Part at higher temperature calcinations process.
% Our study demonstrates that CDS sensitivity on heavy metal ions is as low as a low
detection limit i. e Al **, Cd **, Mn **, Ni **,Co **, Cu **,Cu + and As".
% This method offers advantages of selectivity, economics, and simplicity and it is a
green approach for the environment.
% The prepared sensing system possesses specific binding and selectivity toward
heavy metal ions and has been successfully used for the analysis of samples.
% This part also demonstrates the green methodology of fluorescence and biocompatible
capability on the small-size carbon sample.
Part IV of chapter-3: Revealing the structures of nano cellulose from Neem bark
antimicrobial activity and their application: an in vitro study.
The main findings of this part have been summarized below point wise.
In this part of the work nano cellulose from Neem bark was extracted and the antimicrobial

activity and their application have been performed in vitro.

% We reported that can be stated A. indica has antibacterial properties.
% The endodontic pathogens such as E.coli, Candida albicans, Staphylococcus aureus ,and
Klebsiella pneumonia.
However, more preclinical and clinical trials are needed to assess the Cytotoxicity and safety of

these plant extracts before they may be suggested.
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Azadirachta indica Seed Derived Carbon Nanocapsules: Cell
Imaging, Depolarization of Mitochondrial Membrane Potential, and
Dose-Dependent Control Death of Breast Cancer
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ABSTRACT: In this work, a series of mesoporous carbon nanocapsules (mCNS)
of size below 10 nm have been prepared from Azadirachta indica seeds with a very
easy and cost-effective approach. These nanocapsules can emit red and green light
and are effective for cell imaging. Further, these carbon nanocapsules are

biocompatible toward the normal healthy cells, however, they possess modest e &(D:\Jp)ia;ifz:j;:n
cytotoxicity against the MCF-7 (human breast cancer) and triple-negative breast Azad”fs”e”;g)’”d’“ @ ._@”.\Wﬁ% 3 |
cancer (TNBC) (MDA- MB-231 breast cancer cells), and the rate of killing cancer o H»U\ﬂJﬁ )

cells strongly depends on the dose of mCNCs. Further, the mitochondrial ;
membrane potential and apoptosis assay were performed to analyze the therapeutic QY
significance of these nanocapsules to kill breast cancer. Results showed that these i
carbon nanocapsules can depolarize the mitochondrial membrane potential alone

(without using conventional drugs) and can change the physiological parameters

and cellular metabolic energy of the cancer cells and kill them. The apoptosis results confirmed the death of breast cancer cells in the
form of apoptosis and necrosis. Moreover, the results suggested that the porous carbon nanocapsules (mCNCs) reported herein can
be used as a potential candidate and useful for the theranostic applications such as for cancer cell detection and therapy without
using any conventional drugs.

\ A
4 .\ Apoptotic
‘,;' g:’! Cell Death |

oA
>

KEYWORDS: theranostics, carbon nanocapsules, porous, breast cancer, therapy, membrane potential

B INTRODUCTION

A special type of nanoparticles exhibited fascinating properties
for their usages in theranostic applications.' > These nano-
particles possess the potential for molecular imaging and are
effective in the treatment of the infected cells together with
better molecular understanding.* Further the advantages of

Developing such suitable material is always a challenging task.
In the early stage of the concept “theranostics”, the fluorophore
(or fluorescent component) was usually attached with the drug
delivery vehicles loaded with therapeutic components for the
diagnostic purposes and found that the progress was very slow.
We should also note that the cancer cells can efficiently

these NPs are (1) they can monitor the response of the
treatment very precisely, (2) can avoid the unnecessary side
effects to the patients, and (3) they are potential for the cost-
effective treatment and ease the treatment procedures’
Another advantage of these NPs to use in theranostic
applications, especially for cancer therapy, is that the cancer
growth can be controlled even in the diagnostic steps, and in
the subsequent steps, it becomes easier to treat cancer’
Apart from the nanoparticles, the biologically engineered cells
can also be used for theranostic applications.” However, every
material and approach proposed to use in theranostic
applications faces various challenges that must be overcome
for safer clinical usages.10 For instance, cancer cells grow faster
and create leaky vascular systems in the surrounding tissues,
and for the effective treatment with conventional chemo-
therapy drugs, the highly efficient drug delivery vehicles with

enhanced permeability and retention (EPR) are required.'"'”

© XXXX American Chemical Society

WACS Publications

interact with the surrounding immune cells, endothelial cells,
neovasculature, and fibroblast. Further, they develop danger-
ous survival strategies with eight hallmarks, such as (1) self-
sufficiency with growing signal, (2) evasion of apoptosis, (3)
inactivate the antigrowth signal, (4) sustained angiogenesis,
(5) metastasis, (6) rapid replication, (7) deregulation of
cellular energetics, and finally (8) escape from immune
regulation.”"*™"* The cancer cells can also develop severe
genome instability and tumor promoting inflammation.'®
Therefore, in such a situation, the better understanding of
theranostics is required and it demands suitable materials to be
developed.
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Mesoporous ZnO nanocapsules for the induction
of enhanced antigen-specific immunological
responsest

Sumbul Afroz, © 12 Himadri Medhi,1® Somedutta Maity,” Gillipsie Minhas,?
Srikanth Battu,? Jeevan Giddaluru, @2 Koushi Kumar,® Pradip Paik & *® and
Nooruddin Khan @& *?

The application of nanotechnology in vaccinology has fuelled rapid advancement towards the design and
development of nanovaccines. Nanoparticles have been found to enhance vaccine efficacy through the
spatiotemporal orchestration of antigen delivery to secondary lymphoid organs and antigen-presentation
by Antigen Presenting Cells (APCs) synchronized with stimulation of innate and adaptive immune
responses. Metal based nanoparticles (MNPs) have been extensively engineered for the generation of
nanovaccines owing to their intrinsic adjuvant-like properties and immunomodulatory functions.
Furthermore, mesoporous nanocapsules of late have attracted researchers due to their precise size and
exclusive capacity to encapsulate a wide range of biomolecules and their sustained release at the targeted
sites. Herein, we have designed a novel mesoporous ZnO nanocapsule (mZnO) having a size of ~12 nm
with an average pore diameter of 2.5 nm, using a surfactant-free sonochemical method and investigated
its immunomodulatory properties by using Ova loaded mZnO nanocapsules [mZnO(Ova)] in a mice
model. Our findings show that mZnO(Ova) administration steered the enhanced expansion of antigen-
specific T-cells and induction of IFN-y producing effector CD4* and CD8* T-cells. Also, antigen-specific
IgG levels were enriched in both the serum and lymph nodes of mZnO(Ova) immunized mice. Further,
we noticed a substantial increase in serum IgG2a or IgG2b levels and IFN-y secretion in Ova restimulated
splenocytes from mZnO(Ova) immunized mice, indicating that mZnO(Ova) skew Thl type immune
response. Overall, the uniqueness of mZnO nanocapsules in terms of the defined particle to pore
numbers ratio (maximum of three cavities per particle) allows loading antigens efficiently. Given these
features in combination with its immunomodulatory characteristics reinforces the idea that mZnO could
be used as an effective antigen-adjuvant platform for the development of novel nano-based vaccines
against multiple diseases.

able challenge. This could be attributed to several limitations
such as antigen selection, proper antigen delivery and adju-

The discovery of vaccines has been one of the greatest achieve-
ments of modern medicine in the war between humans and
pathogens, yet the development of potent vaccines against
several emerging and re-emerging diseases® remains a formid-
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vant engineering approaches employed towards vaccine devel-
opment. Nanotechnology has gained significant importance in
the past decades, both in industrial applications and in the
field of biomedical sciences, especially in “nanovaccinology”.
As we cruise into an era of modern vaccines, the use of nano-
technology has allowed researchers to engineer nanoparticles
varying in shape, size, composition and surface properties® for
improving the efficiency of antigen delivery and antigen immuno-
genicity by augmenting antigen processing/presentation
and enhancing antigen stability and the sustained release of
antigens.” Nanovaccines are being used extensively as thera-
peutics for the treatment of various autoimmune diseases” as
well as degenerative diseases such as Alzheimer’s,® cancer
treatment,”® cardiovascular diseases'® and nicotine addic-
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UCN-SiO,—-GO: a core shell and conjugate system
for controlling delivery of doxorubicin by 980 nm
NIR pulsef
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and Somedutta Maity®®
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Herein, graphene oxide (GO) has been attached with core-shell upconversion-silica (UCN-SiO,)
nanoparticles (NPs) to form a GO-UCN-SiO, hybrid nanocomposite and used for controlled drug
delivery. The formation of the nanocomposite has been confirmed by various characterization
techniques. To date, a number of reports are available on GO and its drug delivery applications, however,
the synergic properties that arise due to the combination of GO, UCNPs and SiO, can be used for
controlled drug delivery. New composite UCN@SiO,-GO has been synthesized through a bio-
conjugation approach and used for drug delivery applications to counter the lack of quantum efficiency
of the upconversion process and control sustained release. A model anticancer drug (doxorubicin, DOX)
has been loaded to UCNPs, UCN@SIO, NPs and the UCN@SiO,—-GO nanocomposite. The photosensitive
release of DOX from the UCN@SiO,-GO nanocomposite has been studied with 980 nm NIR laser
excitation and the results obtained for UCNPs and UCN@SIO, NPs compared. It is revealed that the
increase in the NIR laser irradiation time from 1 s to 30 s leads to an increase in the amount of DOX

Received 22nd August 2018 ) , . ) .
Accepted 24th October 2018 release in a controlled manner. In vitro studies using model cancer cell lines have been performed to
check the effectiveness of our materials for controlled drug delivery and therapeutic applications.

DOI: 10.1039/c8ra07030j Obtained results showed that the designed UCN@SiO,-GO nanocomposite can be used for controlled
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Introduction

Upconversion nanoparticles (UCN) convert low-frequency light
into high-frequency light. This phenomenon was observed in
1960 by Auzel Ovsyankin and Feofilov." UCN NPs are used in
various applications including fluorescent imaging for cancer
diagnostics® and photodynamic therapy for treatment (PDT).*®
These UCN materials can be inorganic or organic/polymer
materials.” Inorganic UCN materials can be synthesized
through thermal treatment of inorganic precursors, whereas
polymer based UCN materials can be synthesized through
various polymerization techniques, such as reversible addition
fragmentation chain transfer (RAFT), ring opening polymeri-
zation (ROP) etc.® With these polymers NIR light sensitive cyano-
based dyes can be conjugated. In PDT, after excitation by NIR
laser light, UCN release drug/medicines loaded in the nano-
capsules of polymers of inorganic materials.® During this
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delivery based therapeutic applications and for cancer treatment.

process, NIR excites lower state electrons to the higher energy
levels and subsequently converts lower-energy light to higher-
energy light and influences the release of drugs at the tar-
geted sites. However, the efficiency of the PDT process depends
on the constituent materials (e.g., polymer, peptide, hydro gel
etc.) and loaded photosensitizer.'® PDT has several advantages
over more conventional cancer therapies such as, it is cost
effective, able to treat/kill the infected cells at highly localized
sites and is specific for tumor treatments and exhibits a higher
cure rate for some tumors.>*°

To date, a number of reports are available on the application
of GO for drug delivery **** However, the loading of drug in GO
is influenced by its electronic structure and electronic envi-
ronment. A number of nanoparticles including UCN NPs are
also reported for drug delivery and cancer therapy.***® To the
best of our knowledge, a nanocomposite of GO conjugated with
UCN@SiO, NPs and its role in sustained drug delivery and
therapeutic effects have never been reported.

It can be noted that appropriate design of nanomaterials*°
or nanocomposites with suitable constituents tunes the sus-
tained delivery and doses of drugs for various treatment
procedures.’*?* Depending on the functional behaviour of GO
the effective delivery of drug can also be varied. Furthermore,
photodynamic therapy (PDT) is an efficient approach to kill

This journal is © The Royal Society of Chemistry 2018
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Self-assembled pearl-necklace patterned
upconverting nanocrystals with highly efficient
blue and ultraviolet emission: femtosecond laser
based upconversion propertiest
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This work reports new findings on the formation of a pearl-necklace pattern in self-assembled
upconverting nanocrystals (UCN-PNs) which exhibit strong upconversion emission under an NIR
(Fs-laser). Each nano-necklace consists of several

upconversion nanoparticles (UCNPs) having a size ca. 10 £ 1 nm. UCN-PNs are arranged in a self-

excitation source of a femtosecond laser
organized manner to form necklace type chains with an average length of 140 nm of a single row of
nanoparticles. Furthermore, UCN-PNs are comprised of UCNPs with an average interparticle separation
of ca. 4 nm in each of the nanonecklace chains. Interestingly, these UCN-PNs exhibit high energy
upconversion especially in the UV region on interaction with a 140 Fs-laser pulse duration at 80 MHz

repetition rate and intense blue emission at 450 nm on interaction with a 900 nm excitation source is

Received 15th August 2019 . . . .
Accepted 15th November 2019 obtained. The preparation of self-assembled UCNPs is easy and they are very stable for a longer period
of time. The emission (fluorescence/luminescence) intensity is very high which can make them unique in

DOI: 10.1039/c9ra06389g innumerable industrial and bio-applications such as for disease diagnosis and therapeutic applications by
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1. Introduction

Upconverting nanocrystals are attractive due to several unique
properties and for their applications in materials, materials
science, industrial applications for designing solar cells,
sensors etc. and for biomedical medical applications.™* Rare-
earth upconverting materials have been demanded as they are
the best energy upconverting (NIR-to-visible) materials ever
known, therefore currently researchers are focusing on their
design, synthesis and spectroscopic properties. Furthermore,
upconverting materials possess potential uses in biological
labeling and bio-assays and their extent of uses has increased
remarkably with time.*” All these unique features drive us to
synthesize self-assembled UCNPs having strong upconversion
emission. To the best of our knowledge, self-assembled pearl-
necklace type upconverting nanoparticles (UCN-PNs) are never
known. A report was found where UCNPs were impregnated in
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targeting the infected cells with enhanced efficiency.

porphyrin dendrimers.? In this work we are enabled to prepare
self-assembled UCNPs in in situ condition without incorpo-
rating any external polymeric components. The as-prepared
UCN-PNs have been formed by consuming all precursors into
solid crystal nuclei as white precipitates at lower reaction
temperature and then with increasing the reaction temperature
crystal growth occurred followed by the formation of UCN-PNs.
The as-prepared UCN-PNs have excellent dispersibility in non-
polar solvent (e.g., cyclohexane) and are stable for more than
a year. As UCN-PNs exhibit excellent upconversion emission
under 980 nm NIR excitation source and 140 femtosecond pulse
duration at 80 MHz repetition rate, there is a vast ambit for
using them in complex biolabeling by tuning their spectral
properties. Further, for present available systems there are
several draw backs in achieving good efficiency for the DNA
detection,® bio-imaging,' sensors and fluorophores,”** analy-
tes and several other important biomedical applications such as
for the treatment of cancers*"” which can be improved by using
UCN-PNs.

Self-assembled materials can be obtained from nature to
the laboratory. Self-assembly in living system is biologically
controlled whereas; self-assembly formation in laboratory is
controlled artificially. The assembly of nanomaterials is purely
represented by non-covalent bonding and controlled both by
kinetic and thermodynamically. Inside laboratory self-

This journal is © The Royal Society of Chemistry 2019
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Upconverting nanodots of NaYF4s:YbEr'"; Synthesis,
characterization and UV-Visible luminescence study

through Ti: sapphire 140-femtosecond laser—pulses
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ABSTRACT: In this work, dot-sized upconversion nanocrystals (UCN-dots) with diameter c.a. 3.4+0.15
nm have been synthesized. These UCN-dots exhibit visible emission (at A = 497, 527 and 545 nm) under
the excitation with 980 nm CW-NIR laser. Further, these UCN-dots exhibit high energy upconversion
emission (UV region, A = 206 to 231 nm) with Ti-Sapphire Femtosecond laser of 140-femtoseconds
duration at 80 MHz repetition rate at different excitation, which has never been reported. This is
interesting to report that the generation of high energy UV-Vis emission and their shifting from A = 206

to 231 nm for the UCN-dots by tuning the excitation wavelength ranging from A = 950 nm to 980 nm
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Targeted and Enhanced Antimicrobial Inhibition of Mesoporous
Zn0—-Ag,0/Ag, ZnO—-CuO, and ZnO-Sn0O, Composite Nanoparticles
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with composite NPs

ABSTRACT: In this work, mesoporous (pore size below 4 nm) composite nanoparticles of
ZnO—Ag,0/Ag, ZnO—CuO, and ZnO—Sn0, of size d < 10 nm (dia.) have been synthesized
through the in situ solvochemical reduction method using NaBH,. These composite
nanoparticles exhibited excellent killing efficacy against Gram-positive/negative bacterial and
fungal strains even at a very low dose of 0.010 pg/mL. Additionally, by applying the in silico
docking approach, the nanoparticles and microorganism-specific targeted proteins and their
interactions have been identified to explain the best anti-bacterial/anti-fungal activities of these
composites. For this purpose, the virulence and resistance causing target proteins such as PgsR,
RstA, FosA, and Hsp90 of Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella
pneumoniae, and Candida albicans have been identified to find out the best inhibitory action
mechanisms involved. From the in vitro study, it is revealed that all the composite nanoparticle
types used here can act as potent antimicrobial components. All the composite nanoparticles
have exhibited excellent inhibition against the microorganisms compared to their constituent
single metal or metal oxide nanoparticles. Among the nanoparticle types, the ZnO—Ag,0/Ag
composite nanoparticles exhibited the best inhibition activity compared to the other reported nanoparticles. The microorganisms
which are associated with severe infections lead to the multidrug resistance and have become a huge concern in the healthcare sector.
Conventional organic antibiotics are less stable at a higher temperature. Therefore, based on the current demands, this work has
been focused on designing inorganic antibiotics which possess stability even under harsh conditions. In this direction, our developed
composite nanoparticles were explored for potential uses in the healthcare technology, and they may solve many problems in global
emergency and epidemics caused by the microorganisms.

B INTRODUCTION

Microbial contamination, adhesion, persistence colony for-
mation on surfaces, and associated infections have become

. . . . 1
detrimental to public health and are causing massive alarm.

DNA, disruption of cell membrane, and so forth.”*~’
However, the field of material research is constantly
progressing to accomplish the best antibiotics with optimum
results. Materials such as metal and metal oxide NPs like ZnO

The over usages of antibiotics lead to the development of
resistant microbial strains which are the main cause of the
antimicrobial resistance and persistent infection.” Thus, there
is a high demand of efficient antimicrobial components that
can resist the infection level. There are many organic,
inorganic, and polymeric antibiotics, and each of them has
their own advantages and disadvantages. Organic and
polymeric antimicrobial agents are very much temperature
sensitive, possess shorter lifetime, can degrade easily, and
manifest various side effects in the long run.’ Therefore,
constant efforts are necessary toward the development of new
antimicrobial components to address these challenges with
minimum side effects.

In the recent trends, nanoparticles (NPs) have also been
explored as an efficient antimicrobial component mainly due to
their unique mechanism of action, contact killing effect, the
generation of reactive oxygen species (ROS), disruption of

© 2021 The Authors. Published by
American Chemical Society

N4 ACS Publications

(zinc oxide),” CuO (copper oxide),'” SnO, (tin oxide),"" and
Ag,O (silver oxide)'”"® NPs and different polymeric NPs have
been reported and used for their antimicrobial properties.
However, metallic/metal oxide NPs have been experimented
and reported for the antimicrobial properties since time
immemorial due to their unique way of interactions with the
cellular components. By interacting with the thiol groups of
enzymes, metallic/metal oxide NPs inactivate the cellular
activities of proteins.'* Hence, further development of
inorganic antimicrobial agents such as metal and metal oxide
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Targeted specific inhibition of bacterial and
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Invasive bacterial and fungal infections have notably increased the burden on the health care system and
especially in immune compromised patients. These invasive bacterial and fungal species mimic and
interact with the host extracellular matrix and increase the adhesion and internalization into the host
system. Further, increased resistance of traditional antibiotics/antifungal drugs led to the demand for
other therapeutics and preventive measures. Presently, metallic nanoparticles have wide applications in
health care sectors. The present study has been designed to evaluate the advantage of Ag/Sn-SnO,
composite nanoparticles over the single oxide/metallic nanoparticles. By using in silico molecular
docking approaches, herein we have evaluated the effects of Ag/Sn—-SnO, nanoparticles on adhesion
and invasion responsible molecular targets such as LpfD (E. coli), Als3 (C. albicans) and on virulence/
resistance causing PgsR (P. aeruginosa), RstA (Bmfr) (A. baumannii), FoxA (K. pneumonia), Hsp90 and
Cyp51 (C. albicans). These Ag/Sn—SnO, nanoparticles exhibited higher antimicrobial activities, especially
against the C. albicans, which are the highest ever reported results. Further, Ag/Sn-SnO, NPs exhibited
interaction with the heme proionate residues such as Lys143, His468, Tyrl32, Arg381, Phel05, Gly465,
Gly464, 1le471 and 1le304 by forming hydrogen bonds with the Arg 381 residue of lanosterol 1 4a-
demethylase and increased the inhibition of the Candida strains. Additionally, the Ag/Sn—-SnO,
nanoparticles exhibited extraordinary inhibitory properties by targeting different proteins of bacteria and
Candida species followed by several molecular pathways which indicated that it can be used to eliminate
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of materials with improved properties/antibacterial activities.”
Nanocomposites have great importance in the field of water
treatment,® food industry,* biomedical and hospital manage-

1 Introduction

The multidisciplinary effort to develop new antimicrobial

nanocomposites with efficient activities is one of the most
promising advancements in composite science and has
a tremendous societal and global health impact.* The incorpo-
ration of known antimicrobial nanoparticles into polymeric,
ceramic or metallic matrices has given rise to a new generation
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Fig. S2: results for antibacterial activities, Table S1: BET surface area analysis
and average pore size distribution, Table S2 zeta potential analysis and Table S3
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ment and in textile industries.® Rapid development of these
newly manufactured materials prevents microbial growth and is
useful in resolving the current global health care crisis of anti-
microbial resistance.® Different nanoparticles (NPs) are
increasingly used to target microbes as anti-microbial agents
and are advantageous in preventing adhesion as well as treating
microbial infections.

As an example, metallic or its oxide nanoparticles are in huge
demand due to its physiochemical properties which are useful
in fulfilling the various biomedical demands.” Such as ZnO
nanoparticles eliminate the possibilities of biofilm formation in
medical instruments.® Similarly, various types of nanomaterials
are now extensively being explored as antimicrobial agents
details of which have been reported by many research groups.>**
These nanoparticles can bind to the any polymers, ligands, or
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ARTICLE INFO ABSTRACT
Keywords: Spherical hollow and mesoporous SiO2-ZnO nanocapsules were synthesized through sol-gel synthesis approach.
Hollow nanocapsules Metabolic activity and biocompatibility of these nanocapules were tested and confirmed that SiO2-ZnO nano-
Si02-ZnO

capsules are not toxic. Small biomolecules and drug can be loaded into the nanoparticles since they are meso-
porous with hollow core. Further these nanocapsules are capable of loading a huge amount of anticancer drugs
such as imatinib and paclitaxel. The sustained release of the drugs demonstrated that these functionalized
nanocapsules are useful for various therapeutic applications with precise release of drugs such as for the cancer
therapy with low doses. To check the therapeutic efficiency of these nanocapsules, HeLa cells (cervical cancer
cell line), breast cancer cell lines such as MCF-7 (primary breast cancer) and MDA-MB-231 (triple negative breast
cancer cell lines) were used for the study. For all cells the therapeutic efficiencies obtained are better than the
treatment efficiencies obtained with the administration of the free drugs and it was found that the low doses are
required for the treatment once the drug molecules are formulated with these nanocapsules. Results directed us
that in future these nanocapsules may have a huge clinical potential to treat various diseases.

Imatinib
Paclitaxel
Sustained release
Therapy

1. Introduction targeted area improves the pharmacodynamics and pharmacokinetic
properties of various drug molecules as well as Therapeutic efficiency
Proper design of nanocapsules for sustained release of drugs to a [1-12]. Sustained releases of drugs have many advantages over other
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Introduction

Second-highest global burden is associated musculoskeletal condition with prevalence 61.6%. Worldwide 1.66 million people
gone through hip fracture every year (Briggs et al., 2018; Kironde et al., 2019; Mondal et al., 2018; Yang et al., 2018). On the other
hand, 20% people suffered from oral trauma, globally prevalent 117,402/years lived with disability (Lalloo et al., 2020; Bian et al.,
2014). Current modernized approach in Bone tissue engineering (BTE) accelerates healing. BTE has clinical performances in
treatment of complex skeletal defect arises due to traumatic injury, metabolic and/or genetic diseases. (Kim et al., 2016b).

Surgical orthopedic techniques improve osteogenic differentiation and avoids autograft-associated problems. However, this
procedure is not satisfactory due to infections and chronic pain (Guerado and Caso, 2017). Tissue engineering (TE) promises new
hope for future therapies of osseous defects. TE works on combinational approach between cells, scaffolds, growth factors and
bioreactor (Sabir et al., 2009; Dhandayuthapani et al., 2011). A 3p-scaffold act as extracellular matrix (ECM), provides mechanical
strength to surrounding tissue along with helping in adherence, stimulation, proliferation and differentiation of cells (Ghassemi
et al., 2018; Guo et al., 2015a).

TE and regenerative-therapy although have promising secondary reconstruction technique but poses major challenges for
achievement of biomechanically strong, well vascularized and physiologically-functional bone. Artificial bone materials should be
biocompatible/ biodegradable, mechanical stable along with vascularization, osteoinductive, osteoconductive and regeneration
properties. (Guerado and Caso, 2017; Lasanianos et al., 2010; Ghassemi et al., 2018). By incorporation of physiochemical and
surface modification biodegradable polymer can mimic bone tissues and explicates great potential for providing ECM for cellular
differentiation along with growth factors delivery potential to shorten healing time (de Gorter et al., 2011; Velasco et al., 2015).
Advantages of using polymers have an advantage in BTE as its degradation product does not produce toxic substances (Kroeze
et al., 2009). Further, biodegradable polymers can mimic to ECM and promote bone regeneration by stimulating immunomo-
dulatory effects (Shi et al., 2016; Filippi et al., 2020).

Natural polymer mimics to bone components, presence of peptide enhance cellular adhesion but shows poor mechanical
strength. However, synthetic biodegradable polymer shows advantages over natural polymers as they have excellent mechanical
properties and are bioactive (Velasco et al., 2015). In this context different Biomaterials used in BTE along with their properties,
advantages and disadvantages (Tabhle 1).

Bone Microenvironment and Properties

Structurally, bones categorize into cortical (compact/dense) and cancellous (trabecular/spongy) bone. Cortical bone (80% of total
bone mass) has osteon as functional unit house for bone forming cell osteoblast, osteocytes consists of central Haversian canal
parallel to long axis of bone. Canal provides passage for nerve and blood vessels. Bone macro to Nano structure represented by
(Fig. 1).

Natural bone is a composite material, consists of 60% minerals phase, 30% matrix phase and 10% water, which establish
mechanical properties of bone. Presence of CaPO, called HAP (25-50 nm) nanocrystals along with inorganic compound provides
compressive strength. Organic phase alters biochemical properties, composed of 90% of type I collagen and other materials
mentioned (Fig. 2). ECM is responsible for calcification, where tiny bud in a matrix act as a nucleation site. (Velasco et al., 2015;
Razak, 2012; Qu et al., 2019; Ste-Marie, 2012; Ott, 2018).

Bone Formation and Healing Mechanism

Skeletal/ craniofacial bone formation fallow the intramembranous ossification process for flat and lateral half clavicle bone and
endochondral process for long bone formation. Nerve crest originates the intramembranous ossification especially appears in the
calvarial and facial area. However, endosteal bone fallows both mechanism intramembranous and endochondral process. A
mesenchymal cell is directly differentiated into blood capillaries, osteoblasts and creates the ossification center. Osteoblast
produces osteoid (bone fibrous matrix tissue), and secreted osteoids accumulate in blood vessels and form random network of
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