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Abstract

In the present era where scientific technology is growing and developing at an enormous pace,
nanoscience provides innumerable opportunities in material engineering. Nanomaterial science
involves the study of structures in which atleast one of the dimensions is in the nano size range.
Carbon nanomaterial (CBN) is an important member in the field of material sciences and
continues to be an area of interest for the scientists in the field of electronics, optical and
biomedical sciences. The exceptionally good physicochemical properties, durability and

sensitivity of CBN has been explored in various healthcare applications.

Because of novel optical and electronic properties and their ease of functionalization, carbon
nanostructures are expected to be used in several biomedical applications such as
nanoelectronics, live cell imaging, drug delivery, theranostics, tissue engineering and drug
delivery. Realizing the enormous potential of carbon-based nanomaterials nanomaterials for
their applications in the field of medicine, I synthesized different carbon nanomaterials and

established their activity in cancer theanostics and wound healing dressings.

In the present study, my focus will be on the development of two types of carbon nanomaterials
i.e carbon dots and graphene nanohybrid composites and exhibiting its application in
healthcare. The first part of the thesis focuses on the synthesis, characterization and biomedical
application of carbon dots. In the first study, I explored the possibility of overcoming some of
the limitations of natural compounds in bio-medical applications. I had used curcumin as a
model, as the molecule, despite its well-known therapeutic activity, has limited clinical
application in view of poor solubility and low bioavailability. The curcumin derived carbon
dots (CurCD) were synthesized with curcumin, with ethylenediamine, as a nitrogen source.
The CurCD was superior to curcumin in terms of improved solubility, photostability and

fluorescent properties, while the anti-cancer activity of CurCD was comparable to curcumin.
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The strategy of converting phytopigments into carbon dots in order to improve their

physicochemical properties can be used for the compounds whose usage is limited otherwise.

In another study, we established the wound healing activity of CurCD. To enable its sustained
release at the wound site, it was incorporated as a cross-linker in a protease responsive hydrogel
dressing. The hydrogel had shown excellent antibacterial efficiency and the rate of wound was

faster than curcumin alone.

Carbon dots are being explored extensively for drug delivery applications. However, there is
limited information available about their interaction with different systems of the body. In most
applications, the carbon dots are administered into the biological system by an intravenous
route where they interact with endothelial cells. To evaluate the effect of carbon dots on
endothelial system, we used carbon dots synthesised from the commonly used precursors (citric
acid/urea). The as-synthesised carbon dots exhibited pro-angiogenic activity both in the in-
vitro and ex-vivo angiogenesis model. As the endothelial cells are the first line of contact for
intravenously administered carbon dots, its pro-angiogenic activity might be detrimental to
anti-cancer therapies. Our studies suggest the importance of evaluating the response of multiple

cells that might come in contact with the carbon nano materials.

The second part of the thesis focuses on one of the most important and less explored
applications of carbon nanomaterials which is its conductivity. As carbon nanomaterials have
excellent electrical conductivity, I utilized this feature to develop a self-powered, user-friendly
and wearable device using carbonised nanomaterials for the healing of chronic wounds. In this
application, carbonised polydopamine (CPDA) was used to assign conductivity to the
hydrogel. As the structure of CPDA was similar to graphitic sheets, it was used as a conductive
material in the hydrogel. The hydrogel was fabricated in close proximity to PVDF membrane

to serve as a piezo-responsive triboelectric nanogenerator (PTENG) for providing electrical
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stimulation to the underlying wound bed. The fabricated wound dressing was evaluated for its

ability to support various phases of wound healing using in vitro and in vivo wound model.

To summarise, I have been able to synthesize and explore the bioactivity of carbon-based
nanomaterials for healthcare applications. Provided the easy method of synthesis,
biocompatibility and non-toxic nature of these synthesised materials, I propose that these
nanostructures hold great promise in the field of medicine. Based on the above studies it was
inferred that the developed different carbon-based smart nanomaterials hold a bright future for

healthcare applications, further studies are needed to be carried out with higher animal models.
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CHAPTER-1A

1.1 Carbon Nanomaterials

Nanoscience is defined as the study of materials at the nanoscale and nanotechnology involves
the development of technologies using such materials [1]. Among the crucial domains in this
field is the carbon nanomaterials as they possess some exceptionally unique features, such as
attractive photo-physical properties, conductive nature, high mechanical strength and ease of
functionalization [2-4]. These unique features offer an added advantage for the use of these
materials in a myriad of applications and cover most of the scientific fields, including
engineering, chemistry and medicine [5-7]. Apart from the existing extensive literature on
carbon nanomaterials, it continues to be a topic of interest for research. These nanomaterials
are synthesized chiefly via two approaches, i.e., top down and bottom up [8]. Top-down
approaches are simple and mainly comprise the removal/breakage of bulk materials to fabricate
the desired structure with optimum features. The biggest problem with this approach is the
imperfect surface structure [9]. On the contrary, bottom-up approach refers to the synthesis of
nanomaterial from scratch, assembling it atom by atom, molecule by molecule or cluster by
cluster. Bottom-up approaches result in materials with desired size and structure, but many of

these processes are expensive and still in the developmental stage [10].

The utilization of carbon nanomaterials in biological applications is tremendously affecting the
field of biotechnology. Carbon nanomaterials are being used for the development of highly
sensitive biosensors with high selectivity and a versatile detection range [11]. To exploit the
carbon nanomaterials effectively for biological applications, it is crucial to optimize their size,
shape, morphology and surface modifications [12]. Such optimized carbon nanomaterials can
be highly stable, biocompatible and selective in nature. Our present understanding suggests

that carbon nanomaterials are potential candidates for biological applications [13-16].
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CHAPTER-1A

1.2 Classification of carbon nanomaterials

Carbon is one of the few elements in the periodic table that possess the ability to polymerize
and leads to the formation of carbon allotropes [17]. This property of carbon atoms can be
attributed to its special electronic configuration and smaller size as compared with other
elements in the same group [18]. The phenomenon of allotropy is responsible for the formation
of different carbon-based nanomaterials, like graphene, carbon nanotubes, carbon dots,
graphene quantum dots, conductive polymers and metal oxides [19], as shown in Figure. 1.1.
Among all the different carbon-based nanomaterials, in this thesis I will be focussing primarily

on carbon dots and conducting carbon nanomaterial-based nanocomposites.

Carbon-based ‘
nanomaterials
i I
Graphite Carbon-based .
J based ‘ \_J dots S ‘
Doped/ Functionalized/ e ‘ Carbon/ Conducting Metal/Metal
functionalized pure carbon Graphene polymers-CBNs ‘ A
L graphene | nanotubes RS . quantum dots |_| composites ete. Exice E RN

Figure 1.1: Classification of carbon nanomaterials

1.2.1 Carbon nanodots

Carbon nanodots or carbon dots belong to a novel class of carbon nanomaterials with a size

range of <10 nm [20]. Originally, carbon is black in colour (non-fluorescent) and has very low
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CHAPTER-1A

water solubility [21]. However, carbon dots are highly fluorescent in nature and have excellent
water solubility; hence, they are termed as fluorescent carbon [22]. Carbon dots were
discovered during the purification of carbon nanotubes using electrophoresis in 2004 [23].
Since then, they have received significant attention in the field of biological and chemical
applications because of their economical and simple synthetic approaches, highly tunable
photoluminescence, excellent water solubility and biocompatible nature [24]. The favourable
features of carbon dots that are conducive for their usage in the biomedical field are shown in

Figure. 1.2.

Chemical

inertness Base ol

functionali
ation,

Catalytic
properties

_ Photolumine
Mimmal
photo
bleaching

Figure 1.2: Characteristic features of carbon nanodots

Carbon dots can be synthesised from various precursors of chemical and biological origin, such
as citric acid [25], glucose [26], plant-derived molecules [27], urine [28], nails [29] and
glycerol etc. [30]. Processes used for the synthesis of fluorescent carbon dots include

solvothermal [31], hydrothermal [32], carbonization [33], ultrasonication [34] and laser
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ablation methods [35]. The synthesis of carbon dots with a uniform size distribution is quite
challenging. However, it is crucial to control the dimensions of the carbon dots during the
synthesis to attain desirable properties. The fluorescent property and toxicity profile of the
carbon dots are highly dependent on their size, which plays a pivotal role in their biological
applications, especially in vivo [36-38]. Carbon dots are being used in different scientific fields,
such as photocatalytic reactions [39], theranostics [40], drug delivery systems [41], bioimaging
[42], biosensing [43] and photodynamic therapy for cancer [44]. In the past few decades, there
has been massive research interest in carbon nanodots because of their unique and exceptional

properties, which continue to be explored.
1.2.2 Conductive carbon nanomaterial composites

Conducting polymers have attracted great interest among the global scientific community as a
novel class of electronic materials [45]. Conductive polymers are being exploited for the
development and fabrication of several electronic devices [46], artificial muscles or skin [47],
sensors [48], solar energy conversion devices [49], etc. Most of the polymers are fundamentally
electronic insulators in nature, except a few which are able to conduct electricity in their native
state [50]. For the past few decades, scientists have been trying to improve the conduction of
polymers by imparting electronic properties with the aid of conductive materials, such as
carbon nanotubes [51], metal nanoparticles [52] and carbon fibres [53]. Owing to the advent of
nanotechnology in the field of materials science and engineering, nanocluster-based
nanocomposites came into existence. Nanocomposites are special materials that are derived
from the amalgamation of nano range particles under optimized experimental conditions [54].
These nanocomposites possess reinforced properties and are being utilized in different

scientific fields across the globe as shown in Figure 1.3.
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Figure 1.3: Overview of carbon nanomaterials hybrids
1.3 Synthesis of carbon nanomaterials

For the synthesis of carbon nanomaterials, two types of approaches are used name as top down
and bottom-up approach [55]. In top-down method, bulk carbon source is broken down into
nano dimensional particles by the means of external source of energy. On the other hand,
bottom-up approach involves the self-assembling of small molecules to form a nano range
particle by means of physical or chemical interactions [56]. Nowadays, as carbon
nanomaterials are gaining significant amount of attention in the biomedical field, the need of
facile and economic synthesis methods has aroused. The type of process used for the synthesis
of nanomaterial defines the size and physicochemical properties of these materials. The growth
of carbon nanomaterials usually influenced by the type of precursor and temperature used for
the synthesis [57]. An elaborative summary on the synthesis methods of all types of carbon
nanomaterials is considered to be out of scope of the introductory chapter of this thesis.
Therefore, for the sake of better understanding, I will mainly focus on the synthesis methods

of carbon dots. However, the synthesis strategies of all carbon nanomaterials share almost
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similar approaches like pyrolysis, laser ablation, chemical vapour deposition, microwave

synthesis, hydrothermal/solvothermal and arc discharge methods.

1.3.1 Carbon dot synthesis

In the past decade, numerous strategies have been applied to synthesize carbon dots with
desirable features required for targeted application [58]. Like for synthesis of other
nanomaterials, synthesis approaches for carbon dots are also classified into two broad
categories, top down and bottom-up approach. Methods like laser ablation, arc discharge,
chemical exfoliation falls under the category of top-down synthetic methods. On the contrary,
bottom-up synthesis involves the self-assembling of smaller molecules into the desired carbon
nanostructures. This approach includes four phases in the carbon dot formation, namely
condensation, polymerization, carbonization and passivation. In the further sections, I will be

discussing these methods in detail.
(a) Arc discharge method: The fabrication of CDs by arc discharge method was

discovered in 2004 [23]. Xu et al. while making single walled carbon nanotubes via arc
discharge method accidently found three kinds of carbon-based nanoparticles with different
fluorescence properties. In this method, bulk carbon electrodes are vaporised with the help of
arc discharge at a very high temperature, which leads to the production of high energy plasma.
Carbon soot formed on the opposite electrode contains carbon dots [59]. The yield of carbon
dots obtained via this method is very low and often results in the production of other impurities
which are difficult to remove.

(b) Laser ablation method: In this method, high energy nanosecond laser impulses are
used to illuminate the surface of a bulk carbon material, which leads to a thermodynamic phase
in which extremely high temperature and pressure are produced [60]. As a result, the bulk
carbon material gets evaporated to state of plasma and slowly cools down to form carbon dots.

Li et al. demonstrated a simple strategy for the synthesis of CDs with tunable fluorescence via
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laser ablation of carbon source dispersed in different organic solvents [61]. Carbon dots
obtained by this approach are uniform in size, aqueous soluble and highly fluorescent in nature.
However, the only drawback associated with this method which limits its application is

complicated process and high cost.
(c) Hydrothermal/solvothermal synthesis: The most common and inexpensive

method for the fabrication of carbon dots is the hydrothermal synthesis. Organic polymers or
small molecules are dissolved in a solvent (aqueous/organic) to constitute a reaction mixture,
which is then shifted to an autoclave. At a high temperature, these carbon molecules merge to
form seeding carbon cores and slowly grow into carbon dots having a size of <10 nm [62].
Sharma et al. has shown that inner structure of CDs obtained by hydrothermal condensation
can be tailored by using biomolecules enriched in carbon and nitrogen source [63]. Ease of
synthesis and controllable doping with heteroatoms make this approach popular and reliable

for the fabrication of carbon dots.
(d) Microwave synthesis: Among all the available bottom-up approaches, microwave

synthesis is the one that has been employed commercially. In this method, carbon dots are
produced by irradiating the reaction mixture containing precursor molecules with the aid of
electromagnetic radiations. It is an easy, cheap and eco-friendly method for the synthesis of
carbon dots rich in oxygen-containing functionalities [64]. Zhu et al synthesised a carbon dot
by heating a solution containing polyethylene glycol and a sugar moiety in a microwave oven.
The as synthesized CDs has shown an excitation-dependent fluorescence properties due to the

presence of multiple emissive sites [65].
(e) Carbonization synthesis: The process of carbonization involves the prolonged
pyrolysis of organic precursor molecules to form solid residual mixtures with a high carbon

content. It is one of the superior, inexpensive, straightforward and ultra-fast methods to

synthesise carbon dots of a uniform size [66].
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(f) Acidic oxidation: Acid oxidation involves the exfoliation and decomposition of bulk

carbon precursor into carbon dots with hydroxyl and carboxyl groups as functional moieties on
the surface. Introduction of hydrophilic functional moieties on the surface of as synthesises
carbon dots improvise its water solubility and fluorescence properties [67]. Yang et al. has
demonstrated a scale up method for the synthesis of doped CDs by acidic oxidation which

followed by hydrothermal reaction to reduce the size of the carbon dots [68].
1.4 Biomedical applications of carbon nanomaterials

Carbon nanomaterials have gained acclaim as a critical member in the field of nanomaterial-
based technology. Different allotropes of carbon exhibit versatile features and have been used
in several biological applications, including drug delivery, theranostics, cancer therapy, tissue
regeneration and bioimaging.

1.4.1 Bioimaging

In the field of fluorescence and multimodal bioimaging, carbon nanomaterials have gained
extensive attention due to their unique properties like tunable photoluminescence, water
soluble nature, excellent biocompatibility and resistance to photo bleaching. Application of

carbon nanomaterials in respective bioimaging is tabulated below:

Sr.No | Carbon Bioimaging agent Application Ref
nanomaterial
1. SWCNTs Labelled recombinant thermo- In vivo imaging [70]
stable Luciola cruciata luciferase
(LcL)
2. Carbon dots Pyrolysis of sucrose and oleic acid In vitro cell imaging [71]

shows strong fluorescence and
guantum vyield.

3. Fullerenes Fluorescent fullerene-coated In vitro bioimaging and | [72]
mesoporous silica nanoparticles. pH-responsive drug
release.
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Sr.No | Carbon Bioimaging agent Application Ref
nanomaterial
4. SWCNTs Radical polymer grafted SWCNT Bio-imaging and [73]
shown brighter emission biosensing in vivo in
near-infrared region.
5. Graphene GO nanosheets implanted with Bio-imaging and cell- [74]
oxide aptamer-labelled CdSe@ZnS QDs targeted drug delivery.
6. MWCNTs Conjugated MWCNTSs with In vitro & in vivo [75]
polyelectrolytes bioimaging
7. Carbon dots Folic acid modified carbon dots Selective detection of [76]
cancer cells from
normal one
8. Carbon dots Carboxylic acid functionalised CD DNA detection for [77]
disease diagnosis
9. Graphene GO@Ag nanocomposite MRI contrast agent [78]
oxide
10. GQDs Hyaluronic acid conjugated GQD CD 44 targeted imaging | [79]

Table 1: Carbon nanomaterials as bioimaging agents

1.4.2 Drug delivery and cancer therapy

The efficacy of a drug highly depends upon its biodistribution, pharmacokinetics and excretion

from the body. As the dimensions of carbon nanomaterials are very much similar to biological

structures, they have become an attractive choice for drug delivery devices. Carbon

nanostructures are easy to functionalize, they can be conjugated with anticancer drugs,

antibodies or other kind of therapeutic agents, some them are summarized in table below.

Sr-No [ Carbon . . | Therapeutic agent Targeted disease Ref
nanomaterial

1. Fullerenes Tamoxifen Breast cancer [80]

2.
Carbon Metformin Diabetes [81]
nanotubes

3.
Gr;aphene Paclitaxel Lung cancer [82]
oxide
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N

Sr.-No | Carbon . . | Therapeutic agent Targeted disease Ref
nanomaterial

3.
Gl‘?lp hene Paclitaxel Lung cancer [82]
oxide

4, Diamonds Doxorubicin Breast cancer [83]

5. Multiwall
carbon Diltiazem hydrochloride Angina pectoris [84]
nanotubes

6. Nano Enhanced antiviral
graphene NGO conjugated with ICG activity against E. [85]
oxide (NGO) faecalis

7. Single walled . .
carbon SWCNTs coated with Fe304 and E/élllilxtlefunstlsotleli for (36]
nanotubes Dox loaded CQDs cancerr?:,re;’tment
(SWCNTs)

8. ili
Carbon 31 lica CSN as immunoadjuvant and PDT Photothermal .
nanoparticles avent &photodynamic agent | [87]
(CSN) g for tumor therapy

9. illi
Carbon dots | Dox conjugated CDs Selected killing of [88]

liver cancer cells

10. On-off drug delivery

Fullerenes Dox conjugated fullerenes system for anticancer | [89]
therapy

Table 2: Carbon nanomaterials as therapeutic agents

1.4.3 Biosensing applications

Carbon nanomaterials are being used substantially for the fabrication of biosensors because of
the low cost, small background signal and capability of surface regeneration. These carbon-
based nanomaterials allow direct coupling of biomolecules on their surface and exhibits highly
reproducible electrochemical behaviour. Applications of carbon nanomaterials are tabulated

below
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Sr.No | Carbon . Biosensors Targeted analyst Ref
nanomaterial
L. Single walled . Estimation of real time
Conjugated aptamer-anchor :
carbon . protein efflux from [90]
polynucleotide sequence . i
nanotubes single cell organism
2. Multi walled
carbon CNT resistors. Detection of Arginase 1 | [91]
nanotubes
3. Ag-Pt carbon | Modified carbon electrode for Dopamine 92]
nanofibres dopamine detection. P
y - —
Carb(?xyl . HRP labelled carboxyl nghl}.] Senst tive DNA
functionalised . . . detection with ranges
functionalised graphene oxide 6 [93]
graphene with glassy carbon electrode between 1 > 10" and 1
oxide glassy x 10714,
5. Graphene-bismuth
Graphene nanocomposite with Detection of glucose [94]
immobilised glucose oxidase
6. Graphene aptamers/DNAzyme-GQDs- .
quantum dots | carbon fiber composite Lysozyme detection 93]
7. Multi walled | Modified MWCNTSs with ..
. Cholesterol detection in
carbon cholesterol esterase, oxidase and [96]
i blood
nanotubes peroxidase
8. Carbon dots Tyrosinase conjugated CDs Levodopa detection [97]
- Reduced Hydrogen peroxide
graphene rGO/QDs ZnO nanofibres yAarogen p [98]
. detection
oxide QDs
10. Graphene GQD modified ceramic Detection of blood [99]
quantum dots | electrode glucose.

Table 3: Carbon nanomaterials as biosensors

1.4.4 Tissue engineering applications

Carbon nanomaterials have shown great potential in the field of tissue engineering to develop
biomimetic scaffolds for the replacement of whole or a part of tissue [100]. A good scaffold
should have a physical structure and chemical composition similar to inherent extracellular

matrix. Carbon nanomaterials serves as a reinforcing material in the fabrication of tissue
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scaffolds because of their excellent mechanical properties. In addition to mechanical strength,

carbon nanomaterials can also provide electric stimulation to the scaffolds which aids in tissue

regeneration [101]. Several carbon nanomaterials based artificial scaffolds are developed for

tissue regeneration therapy, some of them are summarised below.

Sr.No | Carbon Artificial Scaffold Application Ref
nanomaterial
L. Carbon Hydrazide functionalised carbon | Improved cardiac [102]
nanotubes nanotubes tissue engineering
2. Nanodiamond | Poly lactic acid and Serves as a component | [103]
octadecylamine functionalised | for bone scaffolds and
nanodiamond surgical tool in
regenerative therapy
3. Carbon dots | CD-nanofiber nanocomposite Guided cell growth and | [104]
enhanced cellular
activity
4. Graphene Gelatin and bioactive glass Enhanced [105]
nanosheets scaffold biocompatibility and
mechanical strength
5. Carbon Chitosan/CNTs mesh Supports cell [106]
nanotubes recolonization
6. Graphene Nano hydroxyapatite/GO Improved viability and | [107]
oxide (GO) composites proliferation of MG-63
cells for 14 days
7. Multi walled | Amine functionalised Enhanced neuronal [108]
carbon MWCNTs differentiation
nanotubes
(MWCNTs)
8. Carbon P-phenylenediamine Enhanced viability and | [109]
functionalised CQDs metabolic activity of
quantum dots cardiac myocytes
(CQD)
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9. Reduced 3D scaffold containing rGO Bone tissue [110]
engineering
graphene
oxide (rGO)

10. Single walled | Amine functionalised SWCNTSs | Enhanced proliferation | [111]

carbon and differentiation of
nanotubes rat BMSCs
(SWCNTs)

Table 4: Applications of carbon nanomaterials in tissue regeneration
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Chapter 1B: Thesis motivation
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Motivation: With the advent of nanotechnology, it is now possible to design versatile

materials for biomedical applications. Example of one such inimitable material is carbon dots.
Ever since the serendipitous invention of carbon dots, it has gained considerable amount of
attention. Some of its unique characteristics like smaller size, excellent fluorescence properties
and water solubility makes it a unique material for healthcare applications like bioimaging,
tissue regeneration, biosensing and drug delivery systems.

Since most of the carbon dots are reported for their excellent physical or optical properties,
very few reports have been present in the literature about the therapeutic potential of carbon
dots. It has been observed that selection of precursor molecule plays an important role in
deciding the biological properties of carbon dots. Carbon dots synthesised from natural
precursors especially plant-based, possess some inherent therapeutic properties [112].
Gopinath et al synthesised a highly specific carbon dots from Catharanthus roseus with
inherent potential to bind to microtubules of cancer cells and destroy them [113].

Curcumin ((1,7-bis(4-hydroxy-3-methoxyphenyl)—1, 6-heptadiene3,5-dione), a phytopigment
is derived from the rhizomes of Curcuma longa (Turmeric) [114]. Turmeric has a long history
of being used in the Ayurveda for the treatment of several diseases. Research has demonstrated
that curcumin is beneficial in the treatment of health disorders like impaired wound healing,
cancer, alzheimer, arthritis etc., and most of these therapeutic effects are due to the anti-
inflammatory, chemopreventive, antioxidant and chemotherapeutic activities. Despite of its
numerous health benefits, the usage of curcumin in clinical scenario is limited because of some
the drawbacks like poor solubility profile, rapid metabolism and low bioavailability. Multiple
strategies are being tested to overcome these limitations which comprises of developing
curcumin nanoformulations [115], synthesising curcumin analogs [116] and functionalisation
of curcumin [117] with different moieties. Recently, Lin, Chin-Jung et al has demonstrated the

amplified anti-viral activity of curcumin carbon dots obtained by the calcination of curcumin
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molecule at very high temperature [118]. On the basis of above-mentioned studies, I
hypothesised that the carbon dots of curcumin may be able to exhibit desirable biological

activities, while overcoming some of the limitations exhibited by curcumin.
Objective of thesis: In the present thesis, the advancement of nanotechnology in the field

of medicine was explored by targeting the bioactive molecules obtained from natural sources
like plants. The limitation of such molecules may be overcome by converting them into
carbonised materials for example carbon dots while they retain their inherent therapeutic
activity.
1. Synthesis and characterization of curcumin derived carbon dots (CurCD) for anticancer
appplications.
2. Development of CurCD crosslinked and protease responsive hydrogels for wound
healing applications.
3. Evaluating the interaction of endothelial cells with carbon dot derived from citric acid
and urea.
4. Fabrication of a piezo responsive bioelectronics device using PVDF and graphitic sheets
for the treatment of chronic wounds like diabetic foot ulcers.
First Chapter focus on the introduction of carbon nanomaterials, their synthesis methods and
biomedical applications.
Second chapter of the thesis deals with the exploration of biological response of carbon dots
synthesised by solvothermal process from the well-known phytopigment curcumin. The
clinical potential of curcumin is being hindered by some of the drawbacks like low aqueous
solubility, high photosensitivity and low bioavailability. Carbon dots derived from curcumin
were synthesized and its physical, chemical and anti-cancer activity was compared to the parent

molecule, curcumin.

16 |Page



CHAPTER-1B

Third chapter focuses on the wound healing activity of the curcumin-derived carbon dots. As
the carbon dots are very small (4 nm), the carbon dots may be excreted from the in vivo system
at a very fast rate. To overcome this limitation, I had developed a protease responsive delivery
system. Curcumin carbon dots loaded hydrogels were fabricated and wound healing response
was evaluated using in vitro and in vivo models.

Fourth chapter of the thesis deals with the investigation of interactions between the carbon
dots and endothelial system by exploring the most commonly reported carbon dot (synthesised
from citric acid and urea). Using both in vitro and in vivo studies, I had evaluated the
angiogenic response.

Fifth chapter comprises of fabrication of piezo driven nanogenerator and conductive hydrogel
nanocomposite wound dressing. Whereas carbon nanomaterials are explored in bioimaging
and drug delivery applications, its application on the basis of its conductive properties has not
been evaluated in health care applications. In recent years, the development of portable, human-
friendly, wearable electronic devices such as triboelectric and piezoelectric nanogenerators
(TENG and PENG) is attracting tremendous attention due to their self-powered functionality.
In this chapter I developed a hydrogel containing carbonised polydopamine. On the basis of
the favourable conductivity, the hydrogel was used in conjunction with a piezo responsive
PVDF membrane. The composite device provided electrical stimulation to the underlying
wound, through a piezo-responsive triboelectric nanogenerator. The composite dressing was
evaluated for its physical, mechanical, electrical and wound healing properties using

appropriate models.
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2.1 Introduction: Curcumin ((1,7-bis(4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-3,5-
dione), a polyphenolic phytochemical is a component of turmeric and is obtained from the
rhizomes of Curcuma longa. Turmeric has been used as a spice and a food colouring agent in
Asian cuisine and is widely used in Indian Ayurvedic medicine for treating multiple health
disorders [1]. The therapeutic benefits of curcumin in treating several chronic diseases like
cancer, arthritis etc., is mostly attributed to its antioxidant and anti-inflammatory properties
[2]. Numerous studies have confirmed that curcumin acts as an anti-proliferative agent and
induces apoptosis in cancer cell lines [3]. Additionally, curcumin inhibits the initiation,
progression, invasion and metastasis [4,5]. Despite curcumin’s well-substantiated anti-cancer
activity, its poor aqueous solubility (<0.125 mg/l), low absorption, rapid metabolism and
clearance serve as hurdles for its clinical development [5,8]. Several approaches that are being
pursued to overcome such limitations include, the use of micro/nano formulations like solid
lipid nanoparticles (SLN), micelles, liposomes, nanoparticles etc., in which curcumin is
entrapped in the formulation; with the other approach being, the use of curcumin-analogs [6].
Ever since the accidental discovery of carbon-dots (C-dots) in 2004[7], it has been of interest
to scientists. Its small size (<10 nm), good water solubility and photoluminescence[8] make it
an attractive material for biological applications like biosensing[9], bioimaging and drug
delivery[10,14]. Most of the reported biological applications of carbon dots are mainly in the
area of cell imaging[11,16], drug and gene delivery[12,13], sensing, [13,19], photo-dynamic
therapy (PDT)[14],photo-thermal (PTT)[15] and in photocatalytic reactions[16]. Only few

studies have demonstrated the therapeutic use of carbon dots [17,24].

Glioblastoma multiform (GBM) is the most malignant human brain tumour with a median
survival of one year [18]. The present treatment strategies which include surgical removal of
tumor, radiotherapy and chemotherapy, or its combinations are unable to stop the progression
of GBM. The benefits of curcumin in the treatment of GBM is established [19]. To improve
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the outcome, several strategies including curcumin-loaded lipid-core nanocapsules [20],
nanoparticles —loaded curcumin [21], and nano micelles of curcumin [22] were developed. The

methodologies nevertheless, are chemically elaborate.

Recently a few studies reported the bioactivity of carbon dots [23,31]. On the basis of these
studies, we hypothesized that curcumin-derived carbon dots might retain some of its
therapeutic potential. To test this, we prepared curcumin derived C-dots (henceforth referred
to as CurCD) using a simple single-step process and compared its activity with curcumin. Even
though curcumin is known to follow multiple pathways to inhibit glioblastoma [24], our focus
in this study was to compare the activity on widely reported characteristics like proliferation,
migration, apoptosis etc using a glioblastoma cell line. We observed that CurCD was
photostable and showed improved solubility as compared to curcumin. While the response of
glioblastoma cells to the treatment was similar to curcumin, the response of normal cells to the
respective treatments was however different. Our findings draw attention to the possibility of
developing a new therapeutic strategy with compounds that are otherwise challenged with

limited bioavailability, by developing their carbon dots.

2.2 Material and methods:

(I) Materials: Curcumin and ethylenediamine, were purchased from Sigma Aldrich, India.

Ethanol was purchased from MERCK, USA. DMEM, Trypsin, FBS, Penicillin-streptomycin-
Amphotericin B, MTT, Hoechst, Rhodamine TRITC, tubulin polyclonal antibody and
secondary antibody alexa flour568 were procured from Thermo Fisher, USA. All plasticware
for tissue culture were procured from Invitrogen. Dyes like FDA and PI were obtained from
Sigma Aldrich and Himedia laboratories respectively. Annexin apoptosis kit was from BD life

sciences.

33| Page



CHAPTER-2

(IT) Experimental

2.2.1 Preparation of CurCD: Curcumin and ethylene diamine were taken in 1:2 ratio

and dissolved in ethanol (20ml). To this, 50ml of water was added and the resulting solution
was heated for half an hour at 60 °C. Finally, the reaction mixture was transferred to a
hydrothermal reactor and heated at 200 °C for 12 h. The resulting dark brown solution was
cooled and filtered using a filter paper and centrifuged at 20000 rpm for 20 min to separate the
heavy particles. The supernatant containing the carbon dots was lyophilized using 3.5k Da

dialysis membrane and lyophilized to obtain the carbon dots referred to as CurCD.

2.2.2 Characterization of CurCD

(a) UV absorption and Fluorescence spectroscopy: UV-Visible absorption spectra

was recorded in the range from 200 to 800 nm with a Shimadzu UV-Vis 2600
spectrophotometer. Fluorescence spectra were recorded with an Edinburg FS 5
spectrofluorometer. All absorbance and fluorescence spectra were measured at room
temperature using quartz cuvettes having a volume of 1 ml. All the measurements were
repeated 3 times. The fluorescence lifetimes were checked by F900 fluorescence spectrometer
(Edinburgh, UK) using a time-correlated single photon counting (TCSPC) technique. Both
CurCD/curcumin were excited using a 405nm laser source and the fluorescence emission
intensity at respective emission wavelengths were collected to obtain the fluorescence intensity

decay profile.

(b) X-ray diffraction studies (XRD): X-ray diffraction pattern (XRD) was determined

using Bruker Eco D8 setup consisting of Cu Ka radiation (A = 0.154056 nm). Copper anode

was taken as the target material with fine focus filament as the cathode. The freeze-dried
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samples were dissolved in a mixture of water and ethanol and drop casted on the coverslips to

take the measurements.

(¢) Transmission electron Microscopy (TEM): The particle size of the synthesized

carbon dots was measured with the help of TEM instrument (JEOL) JEM 2100) at an
accelerating voltage of 200 kV. The diluted samples were probe sonicated and drop casted on
copper coated carbon grids. The grids were dried at room temperature. To avoid any cross

contamination with dust particles, TEM grids were kept in desiccator till use.

(d) AFM: The height profiling of synthesised CurCD was performed using atomic force

microscopy (AFM, Nanoscope Illa, Digital Instrument, USA) in tapping mode. Sample for the

measurement was prepared by drop casting the dispersion of CurCD on the silicon wafer.

(e) Fourier Transform Infrared Spectroscopy (FTIR): FTIR spectra of curcumin,

and CurCD were measured using a Bruker FTIR spectrophotometer equipped with a horizontal

attenuated total reflectance (ATR) accessory containing a zinc selenide crystal.

(f) Photostability Studies: Photostability of fluorescent CurCD and curcumin was

determined by Edinburg FS 5 spectrofluorometer equipped with a xenon lamp at an emission
wavelength of 530 nm for CurCD and 550 nm for curcumin for 60 minutes at an interval of 5

minutes. The excitation and emission slit width were kept at 5 nm.

2.2.3 Isolation of Human Dermal Fibroblasts: Effect of CurCD on human dermal

fibroblasts was studied using the cells derived from neonatal foreskin after taking the consent
as per the protocol approved by the Institutional Ethics Committee of PGIMER (IEC-08/2017-

658), Chandigarh, India. The primary fibroblasts were isolated as previously reported [25].

2.2.4 MTT Assay: Cells were seeded in 96-well plates at a cell density of 5000 cells/well

and were incubated for 24 h. For treatment with curcumin /CurCD, the indicated concentrations
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were added and the plates were incubated for 24 h at 37°C in a 5% CO2 incubator. Culture
medium was removed and MTT was added. The resulting formazan crystals were solubilized
in DMSO and the absorbance was measured at 570 nm using a microplate reader (Tecan

multimode reader) [26].

2.2.5 Cell migration assay: Effect of CurCD and curcumin on the migration of tumor

cells investigated through scratch assay as per reported protocol [35]. In brief, C6 cells were
seeded in 12 well tissue culture plates (Nunc) in DMEM media and allowed to form a
monolayer. In order to avoid the effect FBS on cell proliferation, cells were serum starved
overnight and after that DMEM media containing 2% FBS was used to carry out rest of the
experiment. To make the wound sterile 20ul tip was used. After that cells were washed with
DPBS in order to remove the cell debris. Further, creating the scratch media containing
different concentrations of CurCD and curcumin was added. On completion of 24h incubation
period cells were washed with PBS and fixed with 4% paraformaldehyde solution. After
fixation, Hoechst was added to stain the nucleus and images were taken with the help of

confocal microscope.

2.2.6 Apoptosis assay: Rat C6 cells were seeded in a 6 well tissue culture plate six-well

culture plate and treated with above mentioned treatments for 24h. Untreated cells were taken
as Control group. Normal, apoptotic and necrotic cells were differentiated FITC Annexin V
apoptosis detection kit (BD lifesciences) according to the manufacturer’s instructions. Briefly,
after the 24h of treatment period, the cells were harvested, washed and resuspended in 1X
annexin binding buffer. After the addition of annexin and PI cells were incubated for 30 min

in dark at room temperature. Analysis was done using FACS flow cytometer [27].

2.2.7 Soft Agar spheroid formation Assay: 3D spheroids were prepared using

previously reported method [28]. Briefly, 10gm of agar was suspended in 10ml of water to

36| Page



CHAPTER-2

prepare 1.0% (w/v) solution. As prepared agar solution was poured into 96 well plate and
allowed to solidify. After that cells were seeded at a density of 2.4 x 103 cells/well in complete
medium and allowed to form compact 3D spheroids. 48h after the seeding and spheroids
formation, treatments with curcumin as well as CurCD were given. To check the viability of
cancer cells in the spheroid culture live/dead staining was performed with FDA and PI. Images

were taken with the help of confocal microscope with an objective 5x.

2.2.8 Determination of reactive oxygen species: C6 cells were cultured in six well

plates at a cell density of 25000 cells/well and treated with different concentrations of CurCD
and curcumin in DMEM media. Untreated cells were taken as control to calculate the basal
ROS level of cancer cells. After an incubation period of 24h, cells were incubated with 25uM
of DCFDA (2°, 7° —dichlorofluorescein diacetate) dye for 30 minutes at 37°C. Upon cellular
uptake, the nonfluorescent DCFDA is oxidized by ROS into 2°, 7° —dichlorofluorescein (DCF)
which is a fluorescent compound. After that cells were washed several times with DPBS and
finally the fluorescence images of treated as well as untreated were captured using Zeiss
LSM880 confocal microscope (Carl Zeiss,) confocal microscope. For the quantification of

data, fluorescence was measured (Ex/Em = 485/535 nm) in a microplate reader.

2.2.9 Cytoskeletal Analysis: The effect of synthesised CurCD and curcumin on

cytoskeleton of C6 cells was determined and compared using confocal microscopy. For
analysis, cells were seeded in confocal dishes and incubated with CurCD as well as curcumin
for 24h at 37°C. After incubation with the treatment, cells were washed twice with DPBS and
fixed with 4% paraformaldehyde. Cells were then incubated with 10 pg/mL of Hoescht-33342
for 5 min followed by cytoskeletal staining with rhodamine TRITC (Invitrogen) for 20 min.
The cells were washed twice with PBS and cytoskeleton was analysed using confocal

microscope with an objective of 63X.
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2.2.10 Tubulin Antibody staining: Immunofluorescence analysis of microtubule

staining was performed both on C6 as well as HDF cells. Briefly, both the cells were seeded
on a confocal glass dish at a cell density of 10000cells/dish. After 24 h, the cells were incubated
with CurCD and curcumin and kept for 24 h incubation period. After 24 h cells were fixed with
paraformaldehyde. In order to permeabilize the cells for antibody incubation, the cells were
treated with 0.1% Triton X-100 for 15 minutes and blocking was done with BSA (1%) for 1 h
at room temperature. To check the microtubule staining, the cells were labelled with tubulin
polyclonal antibody (Invitrogen) at 1:500 dilution overnight at 4°C and subsequently stained
with Alexa Fluor® 568 conjugated Superclonal™ Secondary Antibody, (Invitrogen) Hoechst

(Invitrogen) was used as nuclear stain.

2.2.11 Scanning electron microscopy: Cell morphology of untreated and treated rat C6

cells were checked using scanning electron microscopy using JSM-IT300 scanning electron
microscope (Jeol Ltd., Japan). As per previously reported protocol, cells were seeded on
coverslips at a cell density of 5x10° cells in 6- well tissue culture plates. After 24h treatment
with CurCD as well as curcumin was given. Cells were fixed with 2.5% glutaraldehyde and
were dehydrated through graded ethanol solutions (25%, 50%, 75% and 100%). The coverslips
were air dried completely and then sputter coated with gold palladium before SEM analysis

[29].

2.2.12 Zebrafish embryo toxicity assay: The zebrafish (Danio rerio) were raised in an

aquarium at 28°C under controlled conditions. Ten fertilized eggs in each group were treated
individually with Curcumin/CurCD. The developmental status of zebrafish embryos and larvae
were analyzed at 24 h post fertilization (hpf), by use of an Olympus stereomicroscope equipped

with a digital camera. The number of surviving embryos was determined at the end of each
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time point. Each group contained 10 embryos per condition, and all experiments were

performed twice in duplicate.

2.2.13 Statistics: The significance level in all statistical observations was set at a probability

of p <0.05. All the data is presented as mean + SD. ANOVA and Bonferroni test were used to

analyse the data and to calculate the level of significance.

2.3 Results and discussion

2.3.1 Physical characterization of CurCD: CurCD was synthesized using

solvothermal process with 1:2 molar mixture of curcumin and ethylenediamine (EDA) at
200°C for 12 h using water and ethanol as solvents. EDA was used for surface passivation to
improve the QY of CurCD. A significant improvement in water solubility was observed in
CurCD (1mg ml ') as compared to curcumin (7.8 pg ml™!). CurCD examined by transmission
electron microscopy (TEM) revealed small spherical particles of CurCD with size ranging from
3-5 + 2 nm as shown in (Figure 2.1a). The image further confirmed that there was no
agglomeration of the particles. HRTEM studies were conducted to determine the interplanar
spacing and the results depicted 0.21 nm d-spacing value corresponding to 100 plane of
graphene [30]. The real-space image and its fast fourier transform (FFT) pattern (inset in Figure
2.1b) further revealed that CurCD are layered graphene with a spacing of 0.21 nm [31].
Selected area electron diffraction pattern revealed the semi-crystalline nature of the material
which may be due to change in the molecular packing of curcumin by heat-driven
dehydration/condensation reactions [32,41] (Figure 2.1c). The height analysis as shown in
(Figure 2.1d) of CurCD by atomic force microscopy (AFM) displayed an average thickness of
5.8 = 1.5 nm which corresponds to =17 layers of graphene [33]. Furthermore, the AFM image

of CurCD reveals their topographic heights in the range 4 to 8 nm (inset in Figure 2.1d)
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indicating that the CurCD primarily consisted of eleven to twenty-three layers of graphene-like

sheets.

The X-ray Photoelectron Spectroscopy (XPS) measurements were carried out to identify the
composition of the CurCD and the full scan spectrum is shown in (Figure.2.1 (e-g)). The de-
convoluted XPS spectra of Cls, and O1s followed with fitting peaks show the presence of C=C,
C-0O, C—OH and C=0 groups indicating that the CurCD retained some functional groups even
after hydrothermal treatment. As ethylene diamine is used as a precursor, N1s was also
deconvoluted into three components with peaks at 398.70, 399.24 and 400.44 eV indicating
the existence of nitrogen mostly in the form of C-N-C, C-N and C-N-H/N-H [34, 44]. The
peaks at 283.02 eV and 285.01 eV are due to C=C and aliphatic C-C from the precursors>> and
the peaks at 286.74 eV and 287.29 eV due to C—-N-C and C=0 provide evidence for the
existence of a amide linkage [34]. Similarly, the peaks of Ols can be deconvolved into three
components with binding energies of 530.01 eV, 531.65 eV and 534.02 eV which correspond
to C-O, C=0 and C—OH/C-O-C groups and indicate the presence of oxygen in CurCD. To
know the exact effect of hydrothermal treatment, we had compared the XPS spectra of pure
curcumin with the as-synthesized CurCD. Curcumin displayed the presence of sp? and
sp’ carbon along with oxygen with peaks located at 282.18, 283.74, 285.10, 285.71 and 530.17
eV, 531.72 eV and 533.59 eV respectively as reported in literature. In comparison to curcumin,
the deconvoluted X-ray photoelectron spectroscopy (XPS) spectra of CurCD revealed an
increase in the ratio of sp?/sp® upon hydrothermal treatment, indicating a higher degree of
carbonization [23]. Furthermore, Elemental analysis (EA) was performed to understand the
elemental composition and the data revealed the presence of C, N and O element in CurCD
having atomic ratio 55.04%, 7.49% and 37.47% respectively (Figure 2.1h) while in pure
curcumin the ratio of C and O was found to be 82.49% and 17.51% respectively as per reported

in literature. The percentage composition of oxygen in CurCD was higher than that of
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curcumin, indicating the oxidation of some carbons to form oxygen-containing functional

groups.

h Element Atom Ratio
Carbon  S5.04% Ols
Nitrogen 749%
Oxygen 3747%

Cls
Nls

Intensity (cps)
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Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 2.1: Characterization of CurCD (a) TEM image of CurCD (scale bar =20 nm, Inset in (a)
shows size distribution of the particles (n = 100); (b) HR-TEM image (scale bar =5 nm), Inset in (b)
shows the FFT pattern of CurCD; (¢) SAED pattern of CurCD; (d) AFM image of CurCD; (e-g) XPS

high-resolution survey scans of Cls, N1s, and Ols region and (h) XPS full scan spectrum of CurCD.

The Uv—Vis absorption and photoluminescence (PL) spectroscopy was used to determine the
optical properties of curcumin and CurCD. As shown in Figure. 2.2a, CurCD exhibited the first
absorption band at 265 nm due to n—n* transition of conjugated C=C indicating the formation
of graphitic carbon cores [35]. The second absorption band at 345 nm—420 nm is due to n—m*
transition of C=0, confirming the presence of oxygen functionalities on CurCD. In pure
curcumin, a sharp absorption peak is detected at around 420 nm due to m—m* transition,

implying that curcumin like structure is indeed present on the surface of CurCD [36].

In the fluorescence study, while curcumin exhibited an excitation -independent fluorescence
emission behaviour (Figure. 2.2b) [37], CurCD revealed a typical excitation dependent

emission behaviour. The maximum and minimum emission intensity at 450 nm and 530 nm of
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CurCD was observed due to excitation at 350 nm and 460 nm as shown in (Figure. 2.2c). Such
shifts in the emission peaks are suggestive of the presence of different emissive sites on the
surface of CurCD [38]. It is likely that the self-passivated oxygen and nitrogen-containing
functional groups on the surface of CurCD are responsible for the efficient PL with an enhanced
quantum efficiency of ~20 % as compared to pure curcumin which is regarded as almost non-
fluorescent due to its negligible quantum yield [39]. The carbon dots prepared with curcumin
alone is reported to have very low to no excitation-dependent emission properties [23]. This
could be due to the absence of nitrogen doping. The photostability studies revealed a drop in
the fluorescence intensity of curcumin while no change was observed in the fluorescence of
CurCD, indicating the superior photostability of CurCD in comparison to curcumin. The FTIR
spectra is shown Figure. 2.2d & 2.2e. The peaks observed in curcumin in the region from
1100—-1300 cm ™!, 1620 cm™! and 2930 cm™! are due to C-O-C bending, C=0 stretching and C-
H stretching vibration along with other peaks at 3500 cm™!, 960 cm™!, 852 cm™! and 808 cm ™!
which were due to OH stretch, C-O stretch, C-H bending and C=C bending vibration [40]. The
FTIR spectra of CurCD showed a difference in stretching vibration between keto/enol and the
hydroxyl group of phenols in the molecular packing of curcumin indicating the destruction of
hydrogen bonding due to carbonization and polymerization of curcumin at a higher
temperature. In the fingerprint region (1300—400 cm™'), a noticeable change is observed,
indicating that the pyrolysed products of curcumin still remained on CurCD surface even after
hydrothermal treatment [41, 52]. Additional peaks in CurCD at 1620 cm™!, 1517 cm !,
1100—-1300 cm ™!, 833 cm ™! and 701 cm ™! were due to C=0 (Amide I), C-N stretching (Amide
IT), C-N-C/C-0O-C stretching, NH2 bending and N-H wagging vibration because of the presence
of ethylenediamine that was used as a precursor in the synthesis of CurCD (Figure. 2e). Figure.
2f shows the XRD pattern of pure curcumin. Multiple peaks in the range of 10°-30°, is due to

the high crystal polymorphism [42]. In contrast, CurCD displayed a broad peak at 20 = 25°
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which is due to 002 plane corresponding to the spacing of 0.33 nm of the graphitic interlayer

[31].

The PL decay curve for curcumin and CurCD was measured with an excitation wavelength of
430 nm and monitored in the respective emission maxima as shown in Figure. 2.2g. The data
indicated that the decay curves were mono-exponential with an average lifetime of 2.34 ns for
CurCD and 0.25 ns for pure curcumin indicating the increased stability of CurCD [43,48]. The
average lifetime values, obtained by fitting these decay plots with the biexponential decay

model, are tabulated in the table provided in Figure.2
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Figure 2.2: Photophysical properties of CurCD (a) UV-Vis absorbance spectra of Curcumin and
CurCD; (b) Excitation-dependent fluorescence emission of Curcumin with excitation from 350 to 460

nm (c) Excitation-dependent fluorescence emission of CurCD with excitation from 350 to 460 nm; (d)
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& (e) FTIR spectra of pure curcumin and CurCD respectively; (f) XRD Diffractogram of curcumin and
CurCD and (g) Time-resolved fluorescence decay spectra of Curcumin and CurCD. Table shows the

average fluorescence lifetime decay.

2.3.2 Effect on cell proliferation: The effect of CurCD /curcumin on C6 proliferation

was evaluated using MTT assay after 24 h of treatment [44]. Treatment of C6 cells with
curcumin (0.3-11.04 ug ml™") which corresponds to 1-30 pM reported in literature [22, 57]
demonstrated a dose dependent inhibition in cell viability. While lower concentrations of up to
3.68 ug ml"! had no effect, a significant inhibition in cell viability was observed with 7.36 pg
ml! and 11.04 ug ml™! respectively (Figure. 2.3a). A similar dose dependent inhibition in cell
viability was reported in other studies [45]. Treatment with CurCD (0—500 pg ml™!), likewise
showed a dose dependent inhibition in cell viability, with a significant inhibition observed with
250 pg ml! and 500 pug ml™! respectively (Figure. 2.3b). The inhibition in cell viability observed
with CurCD was almost similar to curcumin indicating its anti-proliferative effect. A major
challenge in anticancer therapy is to increase the selectivity towards cancer cells and spare
normal cells [46]. We compared the effect of curcumin and CurCD on the proliferation of
human dermal fibroblasts (HDF). The cultured cells were similarly treated with
curcumin/CurCD as mentioned above and the viability of the cells was assessed after 24 h
using MTT assay. On curcumin treatment, HDF cells revealed no change in cell viability up to
0.368 pg ml! but a significant inhibition was observed from 1.84 pug ml™. It is worth noting
that curcumin was cytotoxic to the fibroblasts at a dose that was ineffective on C6 cells (Figure.
2.3¢). This observation indicated that in comparison to C6 cells, curcumin was more cytotoxic
to fibroblasts, an observation similarly reported by others [47,59]. No significant change in
viability was observed in HDF cells treated with CurCD (0—500 pg ml™!) (Figure. 2.3d). The

results indicate that in comparison to curcumin, CurCD is cytocompatible with normal cells.
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Nonetheless, both  curcumin and CurCD were cytotoxic to C6 cells.
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Figure 2.3: Effect on cell viability. Viability of C-6 cells treated with (a) curcumin and (b) CurCD.
Viability of human dermal fibroblasts treated with (c¢) curcumin and (d) CurCD respectively. Data
represents average values obtained from 3 experiments conducted in duplicate. The data is presented as

the mean =+ standard deviation. *** represents P value <0.001.

2.3.3 Effect on cell migration: Glioma cells are reported to be highly invasive and hence

drugs that inhibit the cancer cell mobility are highly sought after [48]. As curcumin is known
to inhibit glioblastoma cell migration [49], a wound healing assay was performed. Figure 2.4
depicts representative images of the migrated cells 24 h post scratch wound creation. As
compared to untreated control cells (Figure. 2.4a), the presence of very few cells in the scratch
area of CurCD (Figure. 2.4b and c¢) and curcumin (Figure. 2.4d and e) treated cells indicated

that the migration of the cells was blocked. It is worth to note that the same concentration of
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CurCD and curcumin had demonstrated anti-proliferative effect (Figure. 2.3c and d). Fig. 2.4f
represents the migrated cells quantified with the help of image J software. The data represents
the percentage of migrated cells following the respective treatment. While several pathways
have been implicated in the suppression of glioblastoma cell migration [49], it is encouraging

to note that CurCD, like curcumin significantly inhibited the glioblastoma cell migration.
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Figure 2.4: Migratory response of C6 cells. Confocal microscopic images of the scratch wound area

in C6 cells stained with Hoechst after 24 h treatment. (a) Control cells, (b) CurCD 250 ug ml™, (c)
CurCD 500 pg ml, (d) Curcumin 7.3 ug ml™! and (e) Curcumin 11 pg ml™. (f) Graph depicts the

average number of migrated cells captured from 10 random areas. Data expressed represents the average

of three experiments performed in triplicate. Scale bar represents 200 pum.

2.3.4 Effect on apoptosis: Curcumin is widely reported to induce apoptosis in various

cancer cells [50,63]. In a glioblastoma cell line, curcumin is known to induce apoptosis either
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through activation of p53 and caspase 3 or inhibition of anti-apoptotic genes like AP-1, NF-
kB and Bcl2 [6]. To identify the type of cell death that was observed with CurCD, the C6
treated cells were evaluated with annexin-V/PI staining using FACS analysis. Figure. 2.5
depicts the data obtained following the flow cytometric analysis of treated and untreated cells.
Our study showed that the treatment of C6 cells with CurCD (250—500 pg ml ™) and curcumin
(7.3—11 pg ml") resulted in a large number of apoptotic cells. This data was consistent with
the results of the cytotoxicity assay (Figure. 2.3a and b) and confirmed that the inhibition of

viability observed with CurCD in the MTT studies was through apoptosis and not necrosis.
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Figure 2.5: Apoptotic response of C6 cells following 24 h treatment with CurCD /curcumin

2.3.5 Response of 3D tumour model to CurCD: The microenvironment associated

with culture conditions is known to influence the behaviour of tumour cells, including their
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drug-responsiveness [51]. To confirm the anti-tumour efficacy in a 3D model, a comparative
evaluation of the viability of the cells after 24 h treatment was conducted on spheroids that
were developed in soft agar [52,66]. Representative confocal images of the spheroids following
treatment are displayed in Figure. 2.6. Live and dead cells were differentiated on the basis of
green [Fluorescein diacetate treatment (FDA) staining] and red [Propidium iodide (PI)]
fluorescence respectively. The higher propensity of dead cells in CurCD-treated spheroids as
compared to curcumin, might be due to its better penetration into the spheroid, facilitated by
its small size. The results suggest that the anti-tumour activity of CurCD in a 3D environment

was more pronounced than curcumin.

Live(FDA) Dead(Pl) Merged Magnified

)

Figure 2.6: Effect of CurCD/Curcumin on 3D spheroids. Spheroids were prepared with C6 cells and

Control

CurCD

Curcumin

treated with curcumin/CurCD for 24 h. Live (green)/dead (red) cells in the spheroids were identified
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using FDA/PI staining. (a-d) Untreated spheroids, (e-h) CurCD treated spheroids and (i-1) Curcumin

treated spheroids. Scale bar represents 200 pum,

2.3.6 ROS activity: Although cells are known to undergo apoptosis through different

pathways, it is apparent that increased reactive oxygen species (ROS) expression causes cell
death [53]. ROS plays an essential role in normal cell signalling and its dysregulation has been
implicated in many diseases including cancer. ROS plays a dichotomist role in cancer with low
levels promoting stimulation of cancer cell proliferation, increased cell survival etc., whereas
high levels induce anti-cancer effects by affecting cell cycle arrest and apoptosis [54].
Curcumin is reported to induce ROS in various cancer cell lines [55] and is known to induce
apoptotsis [56]. To investigate the ROS activity in presence of CurCD, C6 and human dermal
fibroblasts were exposed to curcumin/ CurCD for 24 h and the ROS levels were assessed using
H2DCFDA, a general oxidative stress indicator. In comparison to untreated control, C6 cells
treated with both curcumin/CurCD showed intense green fluorescence, an indicator of ROS
generation (Figure. 2.7a). A semi-quantitative analysis of the fluorescence intensity is
displayed in (Figure. 2.7b). No change in ROS activity was visualized in fibroblasts even on
treatment with high concentrations of CurCD (500 pug ml!). The data indicated that unlike
normal cells, the selective cytotoxic response of cancer cells to CurCD might be related to its

induction of ROS.
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Figure 2.7: Effect of CurCD and curcumin on reactive oxygen species in C6 cells; (a) confocal
microscopic images of untreated and treated cells, scale bar represents 200 um (b) Quantification of
DCFDA fluorescence data. The data is presented as the mean + standard deviation. Data represents

average values obtained from 3 experiments conducted in duplicate. *** Represents P value <0.001

2.3.7 Effect on cytoskeleton: Curcumin is reported to inhibit cancer cell proliferation

through binding and destabilization of the cytoskeleton resulting in apoptosis in a wide range
of cancer cell types including glioblastoma cells [57,30]. In normal cells, actin serves as an
important contractile protein that is involved in maintaining the integrity of cell shape, cell
growth and motility [58], while in tumour cells, it is known to regulate tumour relevant
processes like cell cycle, morphogenesis or migration in cancer cells [59]. Curcumin is weakly
fluorescent in aqueous solution, and on binding to actin, its fluorescence is enhanced several
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folds due to a large blue shift in the emission maximum [60], enabling its visualization. To
identify the influence of CurCD/curcumin on actin filament network, the treated cells (24 h)
were additionally counterstained with rhodamine-conjugated phalloidin, a marker that
specifically binds to F-actin filaments. Representative images of human fibroblasts treated with
curcumin (0.18 pg ml™) / CurCD (500 pug ml™!) is shown in Figure. 8I. The untreated fibroblasts
served as control (Figure. 2.81 a—c). Phalloidin binding to actin filaments was confirmed by the
red fluorescence and the nucleus was identified by blue Hoechst staining. CurCD and curcumin
were observed to bind to the cytoskeleton. (Figure. 2.81 d and g) Since the binding patterns of
CurCD (Figure. 2.81 d) and curcumin (Figure. 2.81 g) were similar to the respective phalloidin
binding (Figure. 2.81 e and h), it can be concluded that both bind to actin filaments. An
interesting observation noted with curcumin-treated cells was the presence of disrupted actin
filaments (indicated with arrows). The results show that despite the use of non-toxic
concentration of curcumin (interpreted from the proliferation data displayed in Figure. 2.4c),
the presence of disrupted actin filaments would eventually result in cell death, confirming
curcumin’s cytotoxic effect on normal cells. Visualization of CurCD binding to the intact actin
filaments, reaffirmed that it was non-cytotoxic (Figure. 2.81 d—f). A similar study was
conducted with C6 cells. The cells were visualized following treatment with curcumin (11 pg
ml™!) or CurCD (250 pg ml™!) respectively for 24 h. Figure. 81I displays the confocal images of
the respective treated cells. In the untreated control cells like the fibroblasts, F-actin network
was observed throughout the cell (Figure. 2.811 b and c). CurCD (Figure. 2.811 d) and curcumin
(Figure. 2.8II g) binding to actin in the cells could be confirmed by a similar pattern of staining
as that seen with Phalloidin (Figure. 2.81I e and h). Except for the presence of bright fluorescent
actin fibres localized mainly at the outside edge of the cell, majority of the actin network in
these cells were disrupted following treatment with CurCD/curcumin (Figure. 2.811 f and 1).

The distinct morphological changes observed in the treated cells could be the consequence of
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the destabilisation of the actin filaments [61]. A similar observation was reported in curcumin-
treated prostate cancer cells and lung carcinoma cells [62]. The inhibition in cell proliferation
and migration observed in C6 cells treated with CurCD/Curcumin can be directly co-related
with actin destabilization. In a recent study, F-actin was fluorescently labelled with cabon-dots
conjugated to phalloidin [63]. Unlike this study, we demonstrate the direct ability of CurCD to

fluorescently label F-actin.

I. HDF cells Il. C6 cells

Green channel Red channel

Green Channel Red Channel Merged

Control
Control

CurCD
CurCD

Curcumin
Curcumin

Figure 2.8: 1. HDF cells treated with curcumin/CurCD. (a-c) Untreated control cells. (d-f) CurCD

(250 pg ml™) treated cells and (g-i) Curcumin (0.368 ug ml™!) —treated cells. II: C6 cells treated with
curcumin/CurCD (a-c) Untreated control cells, (d-f) CurCD (250 pg ml™') treated and (g-i) Curcumin
(11 pg ml™?) treated cells. Green channel shows CurCD/curcumin attachment to actin filaments, Red

channel shows actin filaments stained with Phalloidin. Scale bar represents 5 pM.

In addition, curcumin is reported to bind and disrupt the microtubule assembly in cancer cells
[50]. To evaluate its effect on microtubules, the respective treated cells were further incubated

with o-tubulin antibody. Curcumin was observed to bind to the microtubules, whereas CurCD

52| Page



CHAPTER-2

did not bind to tubulin. No significant change in tubulin structure was observed in HDF cells
treated with CurCD/curcumin (Figure. 2.91 d—i) as compared to untreated control (Figure. 2.91
a—c). In contrast, C6 cells treated with CurCD displayed a drastic disruption in tubulin (Figure.
911 d—f), which was similarly evident in curcumin-treated cells (Figure. 2.911 g—i), although the
effect was less dramatic than CurCD. The role of ROS in modifying the cytoskeleton and
regulating the activity of proteins that are associated with cytoskeleton dynamics such as Rho
GTPases is well recognized [64]. Recent studies have revealed that the unique structure of
curcumin facilitated its binding directly close to the cytochalasin site in the cytoskelton and
caused its perturbations [50]. While our results reveal the binding of CurCD to actin, the exact
mechanism of binding is however not clear and warrants further investigation. Perhaps the
carbonized curcumin, retains some of the structures that facilitated such binding. The
cytoskeletal disturbances observed in C6 cells following treatment with CurCD can be however
attributed to the increased ROS expression. Nevertheless, the ability of CurCD to directly bind

to actin can serve as a powerful tool for cell imaging and to identify the status of cellular actin.

I. HDF cells II. C6 cells

Red channel Green channel Merged

Red channel Greenchannel Merged

Control

CurCD

Curcumin
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Figure 2.9: 1. HDF cells treated with curcumin/CurCD. (a-c) Untreated control cells (d-f) CurCD

(250 pg ml™!) treated cells and (g-i) Curcumin (0.368 ng ml!) —treated cells. II: C6 cells treated with
curcumin/CurCD (a-c) Untreated control cells, (d-f) CurCD (250 pg ml™) treated and (g-i) Curcumin
(11 ug ml!) treated cells. Green channel shows CurCD /curcumin binding, red channel shows

microtubules stained with tubulin polyclonal antibody. Scale bar represents 10 uM.

2.3.8 SEM analysis of C6 cells: SEM studies were conducted on C6 cells treated with

either curcumin/CurCD for 24 h. As shown in (Figure. 2.10a), the surface of untreated control
cells was smooth. In contrast, the cells treated with CurCD (Figure. 2.10b and c) and curcumin
(Figure. 2.10d and e) showed a distorted morphology with membrane deformations that
appeared as ‘blebs’ which are the typical signs of apoptotic cells [65]. This data further
confirmed that cytoskeletal distortion induced by CurCD/curcumin treatment resulted in

apoptosis.

Control CurCD250 CurCD500

Curcumin 7.3 Curcumin 11
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Figure 2.10: Change in cell morphology observed through Scanning electron microscopy; (a)
control cells (no treatment), (b) CurCD 250 pg/ml, (¢) CurCD 500 pg/ml, (d) Curcumin 7.3 pg/ml and

(e) Curcumin 11 pg/ml. Scale bar represents 10 uM.

2.3.9 In vivo studies: The compatibility of CurCD/curcumin was checked using Zebrafish

embryos as a bridge model between in vitro and in vivo studies [66]. Zebra fish embryos were
exposed to CurCD (250/500 pg ml!) and curcumin (7.3/11 pg ml") for 24 h post-fertilisation
(hpf) to assess its effect on development. Untreated embryos served as control. At 24 hpf, the
embryos were evaluated for mortality using a stereomicroscope. Respective images of the
embryos at 24 hpf'is displayed in (Figure. 2.11). As illustrated, the development of the embryos
exposed to CurCD appeared to be similar to the untreated control. In contrast, the development
of the embryos treated with curcumin (7.3 pg ml™') was delayed, while embryos treated with
curcumin 11 pug ml"! were dead. The toxic effect of curcumin on embryonic development of
mouse blastocyst was also confirmed by Chia-Chi Chen et al. [67] and this effect was attributed
to ROS generation. The results confirmed the biocompatibility of CurCD. Future studies to
evaluate the pharmacokinetic behaviour of CurCD and efficacy in relevant in vivo models

would help to compare its potential with curcumin for further clinical development.
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Figure 2.11: Effect of curcumin/CurCD on zebrafish embryo; (a) control cells (no treatment), (b)
CurCD 250 ug ml™, (¢) CurCD 500 pg ml, (d) Curcumin 7.3 pg ml"! and (e) Curcumin 11 pg ml™.

Scale bar represents 10 uM.

2.4 Conclusion: In summary, we present carbon dots (CurCD) prepared with curcumin as

a carbon source. CurCD was extensively characterized and found to be highly photo stable.
The fluorescent CurCD had a higher quantum efficiency as compared to curcumin. In contrast
to curcumin, the as synthesized carbon dots had better solubility, stability and biocompatibility.
The anti-cancer properties of CurCD were comparable to curcumin, as evidenced by its anti-
proliferative, apoptotic and anti-migratory activities in GBM cells. While the exact mechanism
responsible for the biological activities of CurCD is not clear, the role of ROS in influencing
the anti-cancer activity is nevertheless evident. In contrast to curcumin, CurCD did not affect
normal cells, indicating the latter’s safety profile. In addition, the unique ability of CurCD to
selectively bind to the actin filaments of cells make it ideal for assessing the status of the cell

cytoskeleton, apart from live cell imaging.
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3.1 Introduction: The skin is a crucial and largest organ of human body and serves as a

shield to prevent direct contact with the external environment [1]. Continuous exposure to
external stimuli, makes the skin highly vulnerable to injuries [2]. The healing of skin wounds
is majorly divided into four well-orchestrated and continuous processes namely haemostasis,
inflammation, proliferation, and remodelling [3]. However, wound healing can be delayed at

any stage by multiple factors such as oxidative stress, diabetes, excessive bacterial load etc.

[4].

Curcumin is a low molecular weight polyphenolic compound found in the Indian spice turmeric
(Curcuma longa) [5]. Curcumin has shown its therapeutic potential in multiple diseases like
cancer [6], diabetes [7], arthritis [8], Alzheimer [9], wound healing etc [10]. The wound healing
potential of curcumin is mainly attributed to its antioxidant, anti-inflammatory and
antimicrobial properties [11]. Curcumin has been characterized as a hormetic compound as it
exhibits a dose-dependent biphasic effect .Several in vitro studies have established the biphasic
property of curcumin [12-14]. Rattan et a/ have shown that curcumin encouraged wound
healing at low doses (1-5 uM) while an opposite effect was observed at higher doses (above
10 uM) [15].

Despite the established therapeutic potential of curcumin, its application is being limited by
its poor water solubility, susceptibility to degradation in the physiological environment, high
rate of metabolism, and prompt systemic elimination [16] [17]. With the advent of nanoscience,
it is possible to overcome the limitations of therapeutic molecules derived from natural sources
[18]. Carbon dot, a relatively newest member of carbon nanomaterials family are being
currently favoured because of their unique characteristics like water solubility, highly
fluorescent nature and excellent biocompatibility [19]. Till date very few reports show carbon
dots derived from natural sources to possess biological properties of the parent compound [20-
22]. Previously, we had synthesised carbon dots (CurCD) from curcumin and ethylene diamine
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which was superior to curcumin in terms of solubility, stability and fluorescence properties. In
addition, the CurCD at higher concentrations was found to exhibit anticancer activity in
glioblastoma cells which was comparable to curcumin [21].

As a hormetic compound, curcumin at lower concentrations induce a stimulatory effect on
cells. To evaluate if CurCD had a similar hormetic effect like curcumin, we chose to compare
the wound healing activity of curcumin in this study. Curcumin is known to modulate wound
healing by encouraging fibroblasts migration and angiogenesis [23]. The effect of CurCD on
fibroblasts and endothelial cells was evaluated using appropriate in vitro studies. To enable
sustained delivery of CurCD at the wound site, a protease responsive hydrogel (GHCD) was
developed using gelatin and CurCD served as a cross-linker. During the healing process,
proteases secreted by the cells facilitate the removal of dead tissue facilitating tissue
debridement, cell migration, tissue remodelling etc. We selected gelatin due to its
susceptibility to protease [24]. On application of the GHCD hydrogel on the wound, we
proposed that the proteases present at the wound site would degrade the hydrogel thus releasing

the CurCD. The effect of the hydrogel on wound healing was confirmed using in vivo studies.

3.2 Material and methods

I Materials: Curcumin, ethylenediamine, bovine gelatin (Type B), DMSO, ethanol were

procured from Sigma Aldrich, USA. DMEM, Medium 200, trypsin, phosphate buffered saline
(PBS) (pH 7, 0.01 M), foetal bovine serum, (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), fluorescein diacetate (FDA) and propidium iodide (PI)
solutions were purchased from Thermo Fisher Scientific, USA. Matrigel was procured from
Corning, USA. Primers used in the QPCR study were supplied by Invitrogen, USA. All plastic-
ware for tissue culture were procured from Invitrogen, USA. CD31, cytokeratin and Alexa

flour 568 secondary antibodies were purchased from Invitrogen, USA.
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IT Experimental

3.2.1 Synthesis and characterization of CurCD: Curcumin derived carbon dots were

synthesised as previously reported [21] and further characterized. UV—vis absorption spectra
was recorded from 200 to 800 nm with a Shimadzu UV-vis 2600 spectrophotometer.
Fluorescence spectra were recorded with an Edinburg FS 5 spectrofluorometer. The particle
size of CurCD was measured with the help of TEM (JEOL JEM 2100). FTIR spectra was

measured using a Bruker FTIR spectrophotometer.

3.2.2 Cell proliferation assay: The effect of CurCD on cell proliferation was checked
using the 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay as
reported [25]. Human umbilical vein endothelial cells (HUVEC) and human dermal fibroblasts
(HDF) were seeded in 96 well plate at a cell density of 2500 cells/well and incubated for 24 h
at 37 °C in a 5 % COz incubator. The cells were treated with different concentrations of
curcumin and CurCD respectively in triplicates. After 24 h of treatment, MTT was added to
each well and incubated for additional 3 h. Thereafter, 100 ul DMSO was added in each well
and the optical density was recorded at 570 nm wavelength on a plate reader (Infinite M Plex

(Tecan) multimode plate reader).

3.2.3 Cell uptake assay: To compare the cellular uptake and distribution of CurCD and

curcumin, HUVEC/HDF were seeded in confocal dishes at a cell density of 1 x 10° cells/dish
and incubated for 24 h. Thereafter, the cells were treated with either CurCD (100 pg/ml) or
curcumin (0.18 pg/ml) for further 24 h. At the end of treatment, the cells were washed with
PBS and subsequently fixed with 4 % paraformaldehyde solution for 5 min at room
temperature. The fixed cells were then stained with Hoechst & Phalloidin and observed under

a confocal_ microscope (LSM 880 confocal microscope, Zeiss) [25].
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3.2.4 Cell migration assay: The migratory response of fibroblasts to CurCD (100 pg ml”

Deurcumin (0.18 ug ml™!) was checked using a scratch assay. To investigate the migratory
response human dermal fibroblasts were seeded in 12 well plate to form a monolayer. To avoid
cell proliferation, the cells were serum starved and maintained in 2 % FBS during the entire
experiment. Scratch was created with the help of sterile 20 ul pipette tip. After PBS rinse,
media containing either CurCD or curcumin was added to the respective wells and incubated
at 37 °C. Cells in the scratch area were counted at 0, 8 and 24 h. The scratch area was
photographed at 4 x magnification using a digital camera mounted on a microscope. Covered

scratch area was quantified using image J software.

3.2.5 In vitro angiogenesis assay: In vitro angiogenesis assay was performed using

Matrigel as per our earlier reported protocol [25]. In short, 50 pul/well of matrigel was added in
a 96-well plate. The HUVEC cells were harvested and labelled with a cell tracker (Dil, Cell
Vibrant Invitrogen) dye as per the protocol specified by the company. After labelling, the cells
were seeded at a cell density of 25 x 103 cells/well and curcumin (0.18 ug m1!)/CurCD (100 pg
ml!) was added and incubated in dark for 24 h at 37 °C in a CO; incubator. The cell images
were captured by confocal microscope using red channel (Carl Zeiss) and quantified using

ImagelJ software.

3.2.6 ROS Assay: 2',7-Dichlorofluorescin diacetate (DCFDA) dye-based assay was used

to measure intracellular ROS levels [21]. On uptake, DCFDA is oxidised in the presence of
ROS to generate a fluorescent compound 2',7'-dichlorofluorescein (DCF), which can be
detected by fluorescence spectroscopy. For estimating the antioxidant potential, the cells were
seeded in a 24-well plate at a cell density of 1 x 10* cells/well and stimulated with 1 %
H,0; and then treated with CurCD (100 pg ml™") / curcumin (0.18 pg ml™") for 24 h. The cells

treated with only H,O; served as positive control. At the end of 24 h, the cells were washed
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with PBS and incubated with DCFH-DA dye for 30 min at 37 °C. Images were captured using
confocal microscope and quantified by measuring the fluorescence intensity in a microplate

reader.

3.2.7 NF-kB p65 translocation: NF-kB p65 translocation into the nucleus was checked

through immunofluorescence assay as reported [25]. Briefly, the cells were seeded in confocal
dishes and stimulated with 1 % H»O, followed by treatment with CurCD (100 ug ml™!) and
curcumin (0.18 pg ml™!) respectively. After 24 h, the cells were fixed with paraformaldehyde
and the translocation of p65 unit into the nucleus was assessed using NFkB p65 antibody
overnight at 4 °C. Alexa Fluor® 568 conjugated Superclonal™ was used as secondary antibody
and Hoechst was used to stain the nucleus. Images were captured using confocal microscopy

at a magnification of 63x.

3.2.8 Gene expression analysis: Angiogenic gene profiling was performed by creating

multiple scratches in the monolayer of HUVEC cells followed by treatment with curcumin
(0.18 ug ml!) and CurCD (100 ug ml!) [26]. Untreated cells were taken as control. The
angiogenic primers used were FGF2 (Hs00266645 m1l), and VEGFA (Hs00900055 m1l),
PDGF: (Hs00966522 m1), GAPDH (Hs02786624-g1) (Applied Biosystems). In short, total
RNA was harvested from the cells using RNA isolation kit. Obtained RNA was, was reverse
transcribed to form cDNA using RNA to ¢cDNA kit. After that to the mixture of qPCR
mastermix, respective primers and Dnase free water, 1 ul of as prepared cDNA (equivalent
amounts) was added. The amplification conditions were used for the gene analysis as per
manufacturer's instructions. ACt value was calculated w.r.t to housekeeping gene i.e. GAPDH.

Fold changes between various groups are represented using AACt values.
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3.2.9 Antimicrobial activity: The antimicrobial activity of CurCD released from the

hydrogels was determined using E. coli IMTECH, Chandigarh, India). Briefly, the bacteria
were cultured for 18 h at 37 °C in Luria Bertani broth and inoculated to get an initial loading
of 2 x 10° CFU/ml. The bacterial cultures were treated with curcumin (0.18 pg ml') and
CurCD (100 pg ml™") for 24 h and the OD was measured at 600 nm. After 24 h, 100 pl of the
supernatant was plated on an agar plate. The number of colony-forming units (CFUs) were
counted after incubation for 16 h at 37 °C. Each test was carried out in triplicate. To
differentiate between live and dead bacteria, Fluorescein diacetate (FDA) and propidium iodide
(PI) were used respectively. CurCD/curcumin treated bacterial cultures were incubated with
100 pl of the dye-containing solution at room temperature in dark conditions for 30 min. To
assess the viability of bacterial cells, samples were observed under a laser scanning confocal

microscope (Zeiss, LSM 880) using red and green channel [27].

3.2.10 Preparation of GHCD hydrogels: Gelatin hydrogels were prepared using

CurCD as cross-linking agent. Briefly, gelatin (5 g) was dissolved in 50 ml of phosphate
buffered saline (PBS) and heated at 40 °C until a clear solution was obtained. To this, either
500 pug ml! (GHCD1) or 1000 pg ml! of CurCD (GHCD?2) was added and stirred at 40 °C
stirred overnight. The above solutions were cast in moulds and allowed to form hydrogels at
room temperature. The hydrogels prepared without CurCD was denoted as blank hydrogel

(GH).

3.2.11 Morphology, swelling ratio, and in vitro degradation of hydrogels: The
morphological analysis of the GHCD hydrogels was done using FESEM. After freeze drying,
the hydrogels were sputter coated and visualized under the FESEM (Jeol Ltd., Japan). Swelling
properties of the hydrogels were checked using PBS at an ambient temperature condition [28].

Briefly, the hydrogels of definite weight were immersed in PBS and at every time point, PBS
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was removed, the hydrogels were blotted with filter paper and weighed. The swelling ratio was

calculated using the equation.

Swelling ratio= w>-w1/w1 x100 (Equation 1)

Where wi and w2 were the initial and swollen weight of the hydrogel

The degradation of the GHCD hydrogel was assessed in the absence/presence of proteases for
72 h. Briefly, pre-weighed GHCD hydrogels were incubated in a test tube and kept in PBS
containing with or without proteases at 37 °C for 72 h. At the end of each time point, the PBS
was removed, the hydrogel was dried and weighed. The above experiment was conducted in
triplicate using same conditions. The degradation rate at different incubation times was
evaluated using the given equation.

Degradation rate= wi-wo/wo x100 (Equation 2)

Where wy is the weight at that time point and wo is the initial weight of the hydrogel.

3.2.12 Rheological studies

The rheological behaviour of the respective hydrogels was checked using a modular
Rheometer, MCR302 (AntonPaar, Austria) as reported [29]. Stress sweeps were performed at
a constant frequency of 1 Hz in oscillatory rotational mode to find out the crossover point of
storage (G') and loss (G") moduli and the linear viscoelastic region (LVE) was determined.
Frequency sweeps were performed to determine the storage (G') and loss (G”) modulus.

3.2.13 Cell attachment and proliferation in the hydrogels

To evaluate the ability of the hydrogel to support cell proliferation, human dermal fibroblasts
were used [29]. Hydrogels were sterilised by immersing them in 70% alcohol and then washed
twice with Dulbecco’s buffered saline (DPBS). After sterilisation the hydrogels were incubated
in DMEM media for 24 h. Human dermal fibroblasts (HDF) cells were seeded on the hydrogels

at a cell density of 1X 10* cells. At various intervals, the cell viability was assessed using
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FDA/PI using confocal laser scanning microscope (Zeiss LSM880 confocal microscope, Carl
Zeiss). To quantify cell proliferation, alamar blue was added to each well and optical density
of the media was determined at 570 nm using a plate reader ( Infinite M Plex, Tecan) multimode
plate reader.

3.2.14 In vivo studies

To compare the efficacy of CurCD2 hydrogel and curcumin on wound healing, an excision
wound healing model was used. Male Sprague— Dawley (SD) rats weighing ~200-220 g were
used in the study. The studies were performed with the permission of the Institutional Animal
Ethics Committee of Maharishi Markandeshwar University, Mullana (Ambala), India. The
wounds created on the dorsal side of the rats were treated with either curcumin / CurCD
hydrogel respectively. Wounds covered with standard wound dressing (Tegaderm film-
dressing, 3M-dressing) served as control group. Each group containing 6 animals were
anesthetized using ketamine (100 mg/kg) and xylazine (10 mg/kg). A full-thickness wound was
excised with the help of 10 mm biopsy punch and the wounds covered with respective
treatments. The wounds were assessed on day 1, 3, 7 and 14. At the end of 14 days, all animals
were sacrificed and the skin tissue were harvested for immunohistological and histological
studies. Cryosections were stained with haemotoxylin and eosin as per standard protocol. For
immunological staining, the sections were blocked with 5% bovine serum albumin for 2h
followed by cytokeratin and CD31 antibodies respectively overnight at 4 °C. The secondary
goat anti-rabbit antibody was used at 1: 200 at 37 °C for 1 h. The images were captured with

confocal laser microscope (LSM 880, Zeiss).
3.2.15 Statistical analysis

The significance level in all statistical observations was set at a probability of p < 0.05. All the
data is presented as mean £ SD. ANOVA was used to analyse the data and to calculate the

significance level.
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3.3 Results and discussion

3.3.1 CurCD characterization: The particle size of the synthesized CurCD was

characterized using TEM. Quasispherical shape of the CurCD with an average size of 4 nm
was observed as shown in Figure 3.1 (a&b). The UV—-Vis absorption spectra of CurCD
exhibited two absorption bands, one at 265 nm which corresponds to m—m* transition of
conjugated C=C confirming the formation of graphitic carbon cores and the other at 345 nm—
420 nm due to n—n* transition of C— O, indicating the existence of oxygen functionalities on
CurCD (Figure 3.1 ¢) [37]. In the fluorescence study, CurCD revealed a typical excitation
dependent emission behaviour. The maximum and minimum emission intensity at 450 nm and
530 nm of CurCD was observed due to excitation at 350 nm and 460 nm as shown in (Figure

3.1d). Such shifts in the emission peaks are suggestive of the presence of different emissive

sites on the surface of CurCD [21].
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Figure 3.1: Physical characteristics of CurCD; (a) TEM (b) Size distribution of CurCD, (c¢) Uv-visible

spectrum, (d) Photoluminescence emission spectrum.
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3.3.2 Proliferative response of cells to CurCD: Multiple in vitro studies have shown

the biphasic effect of curcumin in human skin cells [12]. In our previous study, we had
established that CurCD retained the bioactivity of the parent compound curcumin with an
additional improvement in solubility and stability [21]. Given the challenges facing in the use
of curcumin in biological applications, we determined if CurCD possessed hormetic activity
like curcumin. To explore if CurCD, like curcumin possess hormetic activity, we studied its
effect on human umbilical vein endothelial cells (HUVEC) and human dermal fibroblasts
(HDF). Angiogenesis is the formation of new blood vessels and has an important role both in
wound healing as well as in cancers. Since the pro-angiogenic and anti-angiogenic activity of
curcumin is dose-dependent [30], [31], we compared the angiogenic activity of CurCD with
curcumin using endothelial cells. Curcumin treatment resulted in a biphasic response with the
cellular proliferation being inhibited at higher concentrations, whereas an increase was
observed at lower concentrations (Figure 3.2A 1). Similar response was observed with CurCD
on endothelial, suggesting that CurCD, like curcumin possess hermetic property (Figure 3.2A
i1). The fluorescence of curcumin is reported to be enhanced several fold on binding to
cytoskeleton in the cells [32]. Previously we had noted that on treatment of HDF cells with
CurCD (250 pg ml™!") and curcumin (0.368 pg ml'), the cytoskeleton of the cells could be
visualized by fluorescence microscopy [21]. In contrast we observed that on treatment of
HUVEC with curcumin (0.368 pug ml™!) the cytoskeleton is not clearly visualized (Figure 3.2B).
However due to the high fluorescence intensity of the CurCD, the cytoskeleton of CurCD
treated cells could be clearly visualized even when treated at such low concentration (100 pg
ml™!). The higher fluorescence intensity of the CurCD confirms the superior photo physical

properties of CurCD as compared to curcumin.
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Figure 3.2: Proliferative response and cytoskeleton binding; (A) Effect of curcumin (i) and CurCD
(i) on the proliferation of HUVEC cells; (B) Cytoskeleton binding of curcumin and CurCD in HUVEC.

Scale bar represents 10 pm. Data is represented as mean = SD (n = 3). **P < 0.01, and ***P < 0.001.

3.3.3 Cell migration: Cellular migration is a dynamic biological event that occurs during

the various phases of wound healing [3]. Curcumin is reported to increase fibroblast migration
at lower concentrations [15]. Using a scratch model, we evaluated the migratory response of
fibroblasts to curcumin (0.18 pg ml') and CurCD (100 pg ml') respectively for a period of
24 h. The concentration selected in this study was on the basis of the stimulatory response
observed with the cells (Figure 3.2 A). Cell migration in the scratch area was monitored at 8 h
and 24 h post-wound creation (Figure 3.3A). In comparison to untreated control and curcumin
treated cells, the migration was initiated early and completed by 24 h in CurCD treated cells
suggesting that it had a greater potential to induce cell migration. Figure 3.3B represents the
percentage of the wound area filled with the fibroblasts at a given time point, indicating the

significant improvement in fibroblasts migration treated with CurCD as compared to curcumin.
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Figure 3.3: Cell migration. (A) Migratory response of fibroblasts treated with CurCD and curcumin
at 0, 8 and 24 h respectively; untreated cells served as control. (B) Percentage wound closure at various
time points. Data expressed represents the average of three experiments performed in triplicate. Scale

bar represents 250 pm.

3.3.4 In vitro angiogenesis assay: Angiogenesis, an important aspect in wound healing

is mediated by the release of various pro-angiogenic factors such as bFGF (basic fibroblast
derived growth factor, VEGF (vascular endothelial growth factor) and PDGF (platelet derived
growth factor). Kant et al. had observed that curcumin accelerated wound healing in diabetic
rats by influencing the expression of VEGF, which leads to the formation of new blood vessels
and promoted angiogenesis [30]. To explore the angiogenic response of CurCD, we used an in
vitro matrigel model and compared the effect of CurCD with curcumin on the network
formation by the HUVEC cells. Figure 3.4A represents the fluorescent images of network
formation after 24 h of treatment with curcumin (0.18 pg/ml) and CurCD (100 pg/ml)
respectively. Upon treatment with CurCD, extensive network formation was observed as
compared to untreated and curcumin treated cells. Quantitative analysis of the network

formation revealed that the number of branches (Figure 3.3B), number of rings (Figure 3.4C)
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and length of the tubules (Figure 3.4D) formed on the surface of matrigel was significantly
higher than the curcumin treatment. From the data, it can be inferred that CurCD induced a

higher proangiogenic response than the curcumin.

Curcumin CurCD

Control

(A)
(B),, Q) E—(DJ
£ 200 & 100-
=
£ 1504 = 80
5 60-
%5 100 =
E 0 40_
£ 50+ £ 20-
E Z
3 0
€ &L ¢ &
& \}'& o’\o fs) 3 D
< Gg." © © 0‘}@ ©

Figure 3.4: In vitro angiogenesis assay. (A) Confocal images of the network formation after 24 h of
treatment. Scale bar represents 200 um. Quantification of the network formation (n=6), (B) number of
branches, (C) number of rings and (D) length of the tubules. *** represents P value <0.001, **

represents P value <0.01.

3.3.5 Intracellular ROS determination: Whereas optimal ROS is necessary during the

inflammatory phase of wound healing, prolonged exposure of the cells to high level of ROS
may lead to oxidative stress leading to delayed wound healing [33]. To check the ROS
scavenging activity of CurCD, oxidative stress was induced in the cells with 0.001M H>O»
followed by treatment with curcumin/ CurCD respectively. As shown in Figure 3.5A, in H>O>
treated cells, the high fluorescence intensity of DCFDA indicates increased ROS activity. In

comparison, the low fluorescent signals observed in both CurCD and curcumin treated cells
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suggests efficient quenching of ROS. In comparison to curcumin, the fluorescence intensity
was much lower in CurCD treated cells. Quantitative analysis of the fluorescence intensity
indicated significant reduction in the ROS activity by CurCD as compared to curcumin (Figure
3.5B). This may be attributed to the improved uptake of CurCD in the cells as compared to
curcumin. Several groups have attributed the antioxidant property of curcumin to its
suppression of the NF-xB pathway [34]. NF-«B plays a pivotal role in activating the secretion
of inflammatory mediators like interleukins and cytokines, which can delay wound healing. To
compare the influence of CurCD treatment on NF-xB activation, the cells were activated with
H>O:> followed by treatment with curcumin and CurCD respectively. As revealed in Figure
3.5C, p65 was identified in the nucleus of the H>O» treated cells, suggesting activation of the
NF-kB pathway. In contrast, p65 was observed in the cytoplasm of cells treated with both
CurCD and curcumin. The ability to block oxidative responses by curcumin and CurCD would

be beneficial for the wound healing process.
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cells. Scale bar represents 200 um. (B) Quantitative analysis of ROS quenching activity after 24 h
treatment, *** represents P value <0.001, ** represents P value <0.01 (C) Detection of p65 unit. Cells
stimulated with H>O,, followed by CurCD/curcumin treatment. Unstimulated cells served as negative
control. Yellow arrows indicate the translocation of p65 unit into the nucleus of stimulated cells. Scale

bar represents 10 pum.
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3.3.6 Mechanical stress induced angiogenic gene expression: In order to simulate

the wound conditions during injury, we had subjected the endothelial cells to mechanical stress
by creating multiple scratch wounds in the monolayer of HUVEC cells [26]. Post 24 h
treatment, RNA was isolated from the cells for gene expression studies. HUVEC is known to
express genes like VEGF, PDGF and FGF under stress conditions [26] [35]. QPCR studies
revealed that CurCD significantly increased the expression of growth factors like PDGF VEGF
and FGF in comparison to control and curcumin treated cells (Figure 3.6). A comparative
increase in the expression of these genes in CurCD treated cells as compared to curcumin may
be due to its better uptake in cells. As these growth factors are mainly responsible for migration
and proliferation of cells during healing process, it can be assumed that CurCD could be

efficient in inducing wound healing.
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Figure 3.6: Gene expression in mechanically injured HUVEC. Relative expression (fold increase)
of the respective genes analysed by qPCR in HUVEC treated with curcumin/CurCD. Data represents

average values obtained from 2 experiments conducted in duplicate.

80|Page



CHAPTER-3

3.3.7 Antibacterial Activity: Active wounds serve as a favourable environment for

bacteria to breed. Persistent infection can delay wound healing. Despite the antibacterial
activity of curcumin being well established [36], the MIC (maximum inhibitory concentration)
required for antibacterial activity is however very high (7.82-250 ug ml") depending upon the
bacterial strain [37]. Hence the proposed antibacterial dose may not be optimal for wound
healing applications. To compare antibacterial activity at concentrations that favour wound
healing, E.coli was treated with either CurCD (100 pg ml') or curcumin (0.18 pug ml™)
respectively. A significant decrease in bacterial growth assessed by optical density was
observed in CurCD treated cultures. In comparison, the cultures treated with curcumin were
not affected suggesting that curcumin was ineffective at this concentration (Figure 3.7B). This
was confirmed by streaking of the above cultures on bacterial plates (Figure 3.7A (i-ii1)). To
differentiate between live and dead bacteria, FDA (fluorescein diacetate) and PI (propidium
iodide) staining was performed. The significant number of dead bacteria (identified red) in
CurCD treated cultures in contrast to curcumin treatment confirmed its antibacterial efficacy
at lower concentrations (Figure 3.7A (iv-vi). This indicated the superior antibacterial efficiency
of the synthesised CurCD in preventing the bacterial infection in wounds. Recently, the
improved antibacterial efficiency observed with nano formulations of curcumin have attributed
it to its smaller size and better penetration as compared to native curcumin particle (2350 nm),

confirming the importance of size for better cellular uptake [38] [37].
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Figure 3.7: Antibacterial property of CurCD/curcumin; (A) Bacterial colony formation post
Curcumin/CurCD treatment (i-iii). Untreated cultures served as control. Corresponding cultures tested
using Live/dead analysis using FDA and PI. Green cells reflects live cells and red cells reflects dead
cells (iv-vi). Scale bar represents 50 um. (B) Optical density at 600 nm. Data is represented as mean +

SD (n = 3). ***P <0.001.

3.3.8 Physical characteristics of GHCD hydrogels: The aforesaid biological activity

of CurCD indicated that it could favour wound healing. To enable sustained delivery of CurCD
at the wound site, we chose gelatin as a protease responsive polymer. As per earlier reports,
gelatin’s backbone consists of various functional sites which facilitates the process of
crosslinking [39] . In our previous study, we have reported that curcumin derived carbon dots
were rich in functional moieties like hydroxyl and carboxylic groups [21]. Hence when CurCD
reacts with the gelatin polymer, the carbonyl groups present on the CurCD and NH> groups on
gelatin would interact to cross-link the polymer. The synthesised hydrogels, henceforth referred
to as GHCD1 and GHCD2 were prepared using 0.5 mg ml! and 1 mg ml! of CurCD
respectively. Representative images of the hydrogels are displayed in Figure 3.8A. The surface
morphology of the hydrogels was determined using FESEM (Figure 3.8B). In comparison to
the plain gelatin hydrogel, the morphology of CurCD crosslinked hydrogel appear dense. The

formation of dense structures in hydrogels prepared with higher concentration of carbon dots,

82|Page

i



CHAPTER-3

suggested increased crosslinking. The FTIR spectrum (Figure 3.8C) demonstrated the
functional moieties present on CurCD and GHCD respectively. In CurCD two strong
absorption peaks were observed at 1620 cm™ and 1510 cm™! due to the asymmetric and
symmetric stretching of COO™ groups. The peaks ranging from 1000-1200 cm ™' is due to C-
0O, C-O-C stretching vibrations of -OCH3 groups present on the surface of CurCD. From FTIR
spectra it can be concluded that CurCD surface mostly contain -OH, -COOH and OCHj3
functional moieties [21]. In case of GHCD and gelatin hydrogel, the absorption peak appeared
in the range from 3300-3500 cm™ corresponding to O-H and N-H vibration. The peaks of
symmetrical stretching vibration of —CH3 groups were observed at 2930 cm ™. In plain gelatin
hydrogel, three characteristics peaks of amide I (C=0), amide II (N— H), and amide III (C—N)
groups were shown at 1640 cm™!, 1533 cm™! and 1236 cm™! respectively. [27]. On addition of
CurCD in the hydrogels (GHCD), peaks corresponding to amide I and amide II merge and
became a single broad peak suggesting the formation of amide linkage which further confirms
the crosslinking in the hydrogel is due to CurCD [39]. As the swelling performance of the
hydrogel is directly proportional to crosslinking, we studied swelling this property of the
GHCD hydrogels. Data displayed in Figure 3.8D indicates that the swelling of the hydrogel is
comparatively lower in the hydrogels crosslinked with higher concentration of CurCD,
confirming increased crosslinking. During wound healing, the extracellular matrix (ECM)
undergoes significant changes. In wounds, the degradation and remodelling of the ECM is
regulated by proteases [40]. In presence of proteases, gelatin hydrogels undergo hydrolytic
degradation due to solvation and depolymerization of the polymeric chains [41]. The presence
of proteases, is expected to accelerate the digestion of the gelatin hydrogels leading to the
release of CurCD [42]. This was confirmed by incubating the GHCD hydrogels in the presence
of proteases like collagenase. The data displayed in Figure 3.8E suggests that proteases

increased the rate of degradation of the GHCD hydrogels in comparison to PBS alone. To
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determine the influence of CurCD concentration on the mechanical properties of the hydrogels,
rheological studies were carried out. From the modulus graph (Figure 3.8 F&GQG), it was
evidenced that there was a concentration dependent increase in the strength of the hydrogels
on addition of CurCD. The formation of strong amide linkage may be responsible for the
improved elasticity as compared to blank gelatin hydrogel. A constant rise was observed both
in case of storage as well as loss modulus of CurCD loaded hydrogels. The obtained rheology
data is in accordance with the previously reported literature [43]. The release of CurCD from
the hydrogels incubated in PBS containing proteases (collagenase 1.4 ng/ml) confirmed the
protease responsive release of CurCD with time. During wound healing, the proteases available
at the wound site is expected to digest the gelatin and release CurCD (Figure 3.8H). GHCD2
has shown a more sustained release in the presence of proteases as compared to GHCDI
because of the more stable mechanical properties of the former hydrogel. On the basis of above

physical properties, GHCD2 hydrogel was selected for further biological studies.
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Figure 3.8: Physical properties of CurCD crosslinked hydrogels. (A) Representative images of the
GHCDI1 (0.5 mg/ml) and GHCD2 (1mg/ml ); (B) FESEM images of hydrogels (i) Gelatin hydrogel (ii)
GHCDI1 (iii) GHCD2; (C) FTIR spectrum of CurCD, gelatin hydrogel and GHCD hydrogel (D)
Swelling characteristics (E) Degradation of hydrogels in the presence of collagenase (1.4 pg/ml) ; (F)
Amplitude sweep, showing the elastic modulus (solid lines) and viscous modulus (dotted lines) at
different shear strain (G) Frequency sweep measurements. Solid lines show the elastic modulus and
dotted lines show the viscous modulus of the respective gels; (H) Cumulative release of CurCD from

GHCD1 and GHCD?2 hydrogel in the presence of collagenase.

3.3.9 Biocompatibility studies: To evaluate the cellular compatibility, Human dermal

fibroblasts cells were seeded on the top of the GHCD2 hydrogel and incubated for 5 days with
media. For evaluating the growth of cells at each time point, the hydrogels were stained with
FDA/PI in order to differentiate between live (stained green) and dead (stained red) cells. The
increase in cell numbers suggested that the hydrogel supported cell proliferation (Figure 3.9A).

Figure 3.9B shows the metabolic activity of the cells in the hydrogel at different time points
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suggesting increased cell proliferation. The increase in cell number confirms the cellular

compatibility of GHCD2 hydrogels.
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Figure 3.9: Cell proliferation in GHCD2 hydrogel. (A) Representative merged images of Live/dead
staining of cells seeded on the GHCD2 hydrogels at day 1, 3 and 5. Scale bar represents 200 pum. (B)
Quantification of cellular metabolic activity using alamar blue. Data represented as mean of 3

independent experiments. *** P value = 0.001.

3.3.10 In vivo studies: Fabrication of new, smart and efficient wound dressings is highly

desirable for the treatment of chronic wounds [44], [45]. Among the reported dressings till
now, hydrogel-based dressings have gained interest because of their favourable features like
ability to provide a moist wound environment, mimicking native skin characteristics and
patient compliance [46]. Curcumin’s ability to improve wound healing can be attributed to its

anti-oxidative activity, increased proliferation and migration of fibroblasts, improved
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angiogenesis and faster epithelialization. [47] [48]. Due to its low bioavailability through oral
route, topical application of curcumin has been found to be more efficient [49].To evaluate the
potential of GHCD?2 hydrogel to hasten the healing of wounds, GHCD2 hydrogel was tested in
excisional wounds created on the dorsal side of the rats. The rat wounds (10mm) were treated
with either ethanolic solution of free curcumin or GHCD2 hydrogel respectively. Wounds
covered with standard wound dressing (Tegaderm) served as control. The photographs of the
wounds taken on day 1, 3, 7 and 14 revealed time dependent wound closure in all cases (Figure
3.10A). Quantitative estimation of the wound area at various time points showed significant
improvement in wound closure with GHCD2 hydrogel treatment as compared to control
(Figure 3.10B). Evaluation of the tissue sections collected on day 14 and stained with H&E
showed incomplete epithelialization in the control wounds whereas the wounds treated with
both curcumin and GHCD 2 hydrogel revealed complete epithelialization. In comparison to
curcumin treatment, the dermis was well organized in the GHCD2 hydrogel treated wounds,
suggesting improved remodelling. The presence of numerous hair follicles in the dermis of

GHCD 2 hydrogel treated wounds further confirmed wound regeneration [50].

87| Page



CHAPTER-3

(A)

(B)

E’ -g 1501 3 Control
t @ Curcumin
3 S 100- "] @ cHep

: |

8. 50_ dedek

o

s ]

0-

1 3 7 14
.... o

Control Curcumin GHCD Hydrogel

GHCD hydrogel Curcumin

Figure 3.10: Wound response to treatment. (A) Photographs of the wounds at 1, 3, 7 and 14 days
after the injury. (B) Quantification of wound closure area (C) H&E staining of the tissue sections
harvested on 14" day, (i) control, (ii) Curcumin and (iii) GHCD2 hydrogel. Scale bar = 400 um; (iv-vi)

magnified images of the above images respectively. Scale bar =200 um.

In cutaneous wound healing, re-epithelialization is pivotal for the restoration of skin integrity
to protect the underlying tissues from infection and dehydration [51]. To investigate the
epithelialization, the tissue sections were stained with cytokeratin primary antibody and
visualised using Alexa flour 488 conjugated secondary antibody. Cytokeratin, a marker
expressed by the epithelial cells was highly expressed in GHCD2 hydrogel as compared to both
curcumin or control wounds (Figure 3.11 upper panel). The presence of multilayer epidermis

in the sections indicated differentiation of the epithelium [52]. While curcumin induced
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complete restoration of the lost epidermal tissue, the effect was less significant in comparison
to GHCD2 hydrogel treated wounds, suggested delay in the healing process.

Angiogenesis in the wounds was confirmed by evaluating CD31, a marker expressed by the
endothelial cells [53]. In the GHCD2 hydrogel treated wounds, the CD31 expression pattern
denoted the presence of multiple large capillaries, in comparison to control wounds. Whereas
the curcumin treated wounds revealed higher expression of CD31 than control, the expression
was remarkably lower than the GHCD2 hydrogel treated wounds (Figure 3.11 lower panel).
The results further confirmed the pro-angiogenic potential of CurCD. The increase in the
healing rate observed in wounds treated with GHCD2 as compared to curcumin may be
facilitated by the sustained release of CurCD in response to the protease activity in wound bed.
The limited response in wounds observed with topical applications of curcumin may be due

low stability and or its faster elimination [54].

Control Curcumin GHCD Hydrosg

el

Cytokeratin

Cch31

Figure 3.11: Immunohistochemistry of cytokeratin and CD 31 expression. Upper panel represents

confocal images of cytokeratin expression; Lower panel reveals CD31 expression. Scale bar represents

100 pm.

3.4 Conclusion: In this study we have established that curcumin carbon dots like curcumin,

possess hormetic activity. The carbon dots have superior bioactivity and photo-physical
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activity as compared to its source molecule, curcumin. This was evidenced with the response
observed in endothelial and fibroblasts cells. Whereas no antibacterial activity was observed
with curcumin at concentrations that favour wound healing, the significant bacterial death
observed with CurCD, confirmed the latter’s potential in preventing wound infections. The
delivery of CurCD to the wounds using a protease responsive hydrogel facilitated sustained
release of the carbon dots and encouraged wound healing. GHCD2 hydrogel has displayed
superior biocompatibility due to lack of chemical cross linker and supported cell proliferation.
Improved wound healing observed with GHCD?2 hydrogel could be the consequence of CurCD
acting on various phases of wound healing such as proliferation, migration and angiogenesis.

All these results indicates that GHCD2 hydrogel can be used as an effective wound dressing.
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4.1 Introduction

Ever since the discovery of carbon dots (CDs) in 2004 [1],_CDs have received considerable
attention from researchers in view of their high-water solubility [2,3], biocompatibility, low
toxicity, unique photoluminescence (PL) properties, and flexibility for surface modification
[4]. In addition, these fluorescent quasi-spherical, zero-dimensional nanomaterials with sizes
below 10 nm demonstrate high resistance to photobleaching in contrast to established
fluorescent organic dyes and semiconductor quantum dots [5]. These properties have driven
scientists to explore CDs in several biological applications, including bioimaging [6],_drug

delivery [7], and theranostics [8].

In several in vivo applications, the CDs are administered through the circulation system
[9,10]. Such in vivo administration of the CDs would lead to their exposure to the endothelial
cells (ECs) that line the lumen of blood vessels. It is therefore important to understand the
response of the ECs to CD exposure because these cells are involved in angiogenesis.
Angiogenesis or neovascularization occurs through the development of capillary sprouts from
the pre-existing ones following EC migration and the splitting of vessels. The process of
angiogenesis is tightly regulated, and any inadequate or excessive angiogenesis is implicated
in a number of pathologic conditions [11]._In certain occlusive diseases, such as in chronic
wounds [12] or ischemic heart diseases [13], where insufficient angiogenesis is observed,
treatment with proangiogenic factors has been proposed to improve blood flow to the damaged
area [14]. Conversely, excessive angiogenesis can trigger pathological conditions such as
cancer, chronic inflammation, diabetic retinopathy, and arthritis [15]. In such conditions,
antiangiogenic therapy is favored. Thus, strategies to inhibit or induce angiogenesis are of

considerable therapeutic interest.

Because ECs serve as the first point of contact for the CDs that enter the blood before they

reach their targets, it is important to assess the effect of these CDs on ECs. A review of the

97 |Page



CHAPTER-4

literature on the CDs’ influence on angiogenesis indicated a single study in which the CDs
were prepared from styrene soot [16]. In view of the fact that the angiogenic response observed
with nanomaterials is influenced by the nature of the materials tested [17-19], it becomes
relevant to study those CDs that are being designed for biomedical applications. Although CDs
are synthesized from a plethora of renewable carbon sources [20-22], the most common CDs
designed for biomedical applications are synthesized from citric acid and nitrogen-containing
dopants like urea, ethylenediamine, poly (ethylenimine), etc [23]. To evaluate the response of
ECs upon CD exposure, we used CDs prepared from citric acid and urea on the basis of their
reported in vivo applications [24,25]. The CDs, henceforth referred to as CD-urea, were
prepared using a facile solvothermal process [26] and characterized by transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), etc.
The effects of CD-urea on EC proliferation, migration, capillary network formation, and gene
expression were evaluated using the appropriate studies. In addition, downstream signaling
following CD-urea uptake, including the activation of reactive oxygen species (ROS) and
nuclear factor k-light-chain enhancer of activated B cells (NF-kB), was evaluated to identify a

possible mechanism through which CD-urea induced the angiogenic response.

4.2 Material and methods

I Materials: Citric acid, urea and NaOH were procured from Himedia laboratories, India.

Solvents like ethanol and Dimethylformamide were from MERCK, USA. DMEM, Medium
200, Trypsin, Foetal bovine Serum (US origin) Penicillin-streptomycin-Amphotericin B, MTT,
Hoechst, Rhodamine TRITC and Vybrant® cell-labelling solutions were purchased from
Thermo Fisher Scientific, USA. Matrigel and all the plastic ware for tissue culture were

procured from Corning. Tagman QPCR kit and primers were obtained from Invitrogen. Both
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primary (NFkBp65) and secondary (Alexaflour 488) antibodies were purchased from

Invitrogen.

IT Experimental

4.2.1 Synthesis of CD-urea: CD-urea was prepared by the solvothermal method [19].

Briefly, citric acid and urea were taken in 1:2 ratio, dissolved in 10ml DMF and reacted at 200
°C for 12 h in a hydrothermal environment. The cooled material was mixed with 20 mL alkali
(50mg/ml NaOH) and centrifuged at 16000 r min ~! for 30 min. The precipitate was washed
with water and centrifuged (16 000 r min ~!, 30 min) thrice to remove unreacted salts and alkali.

The pellet was re-dispersed in water, lyophilised and kept at 4°C.

4.2.2 Characterization of CD-urea: A JEOL JEM-2100 transmission electron

microscope operating at 200 kV was utilized to obtain high-resolution transmission electron
microscopy (TEM) images. The ultraviolet-visible (UV—Vis) absorption spectra were
measured on a Shimadzu Spectrophotometer. The fluorescence spectra were recorded using an
F-4600 spectrofluorometer. The ATR spectra were recorded on a VERTEX 80v spectrometer.
The X-ray photoelectron spectra were recorded using an ESCALAB 250Xi spectrometer
(Thermo Fisher). The crystal structure was characterized by a Bruker D8 Advance X-ray
diffractometer (A= 0.151056 nm). The time-resolved fluorospectroscopy was performed using

an FLS 920 spectrometer.

(a) UV absorption and Fluorescence spectroscopy: UV-Vis absorption spectra was

measured in the range from 300 to 800 nm with a Shimadzu UV-Vis 2600 spectrophotometer.
Fluorescence spectra were recorded with an Edinburg FS 5 spectrofluorometer. All absorbance
and fluorescence spectra were measured at room temperature using quartz cuvettes having a

volume of 1 ml. All the measurements were repeated 3 times.
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(b) X-ray diffraction studies (XRD):X-ray diffraction pattern (XRD) was determined

using Bruker Eco D8 setup consisting of Cu Ka radiation (A = 0.154056 nm). Copper anode
was taken as the target material with fine focus filament as the cathode. The freeze-dried

samples were drop casted on the coverslips to obtain the measurements.

(c) Transmission electron Microscopy (TEM): The particle size distribution of the

synthesized carbon dots was obtained with the help of instrument at an accelerating voltage of
200 kV. The diluted samples were sonicated and placed on copper coated carbon grids. The
samples were evaporated at room temperature. To avoid any cross contamination with dust

particles, TEM grids were kept in desiccator till use.

(d) Fourier Transform Infrared Spectroscopy (FTIR): FTIR spectra of Citric acid,

Urea and carbon dots were measured using a Bruker FTIR spectrophotometer equipped with a

horizontal attenuated total reflectance (ATR) accessory containing a zinc selenide crystal.

(e) AFM: The height of CD-urea was measured using Atomic force microscopy (AFM,

Nanoscope Illa, Digital Instrument, USA) in tapping mode. CD-urea were dispersed in mili Q
water and 10 pL of dispersion was drop casted on the silicon wafer. X-ray photoelectron
spectroscopy (XPS): The X-ray photoelectron spectra were recorded using an ESCALAB

250Xi spectrometer (Thermo Fisher).

4.2.3 Cell Isolation and Propagation: We studied the response of fibroblasts and
HUVEC:s following their exposure to CD-urea. HUVECs were derived from human umbilical
cord, while fibroblasts were derived from neonatal foreskin after informed consent was
obtained as per the protocol approved by the Institutional Ethics Committee of PGIMER (IEC-
08/2017-658), Chandigarh, India. Human dermal fibroblasts (HDFs) were isolated using our

previously reported protocol [57]. Briefly, neonatal foreskin was washed with phosphate-
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buffered saline (PBS) followed by decontamination with iodine—povidone and incubation with
Dispase (Sigma) to separate the dermis from the epidermis. After digestion of the dermis with
0.1% collagenase (Sigma), the fibroblasts were dissociated and cultured in a Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and antibiotics.
Cells were used for passages 5—8. The HUVECs were isolated as previously described.58 In
brief, the decontaminated umbilical cord was washed three times with Hank’s buffered salt
solution, and the ends of the cord were sealed. Through one end, 15 mL of collagenase type II
was injected through the vein. After digestion for 15 min at 37 °C, the detached cells were
pooled in a centrifuge tube and centrifuged at 1500 rpm for 5 min. The cell pellet was dispersed

in HUVEC media and cultured. The cells in passages 2—5 were used in the studies.

4.2.4 Cell Proliferation Assay: The proliferation potential of CD-urea was assessed

using MTT assay [59]. In brief, 1500 cells/well (HUVEC/ HDF) were plated in a 96-well plate
and incubated for 24 h at 37 °C in a 5% CO2 incubator. After 24 h, CD-urea (0—200 pg/mL)
made in the growth medium was added to each well in triplicate. MTT was added after 24 h/48
h of incubation. The resulting formazan crystals were solubilized in dimethyl sulfoxide, and

the absorbance was measured at 570 nm using a microplate reader (Tecan multimode reader).

4.2.5 Hemocompatibility: To check the hemocompatibility of CD-urea, an in vitro

hemolysis assay was performed using the standard protocol. Briefly, the goat blood (5 mL)
obtained from a local abattoir was centrifuged at 1500 rpm for 5 min to separate the RBCs. The
isolated RBCs were suspended in PBS to form a 2% suspension. To 1 mL of the 2% RBC
suspension was added 100—1000 pg/mL CDurea. PBS and water were used as the negative and
positive controls, respectively. The RBC suspension along with CD-urea was incubated for 3
h at 37 °C and centrifuged at 1500 rpm for 5 min to collect the supernatant. The supernatant

was visually checked for the presence/ absence of a red color.
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4.2.6 In Vitro Tube Formation Assay: The effect of CD-urea on capillary network

formation was studied on a matrigel using HUVECs. Briefly, 50 uL/well of a growth-factor-
reduced matrigel (Corning) was added to a 96-well plate and incubated for 30 min at 37 °C in
the incubator. Before the cells were harvested, Di0 dye (Vybrant cell-labeling solution,
Invitrogen) was added to the flasks at a concentration of 5 pLL/mL and incubated for 30 min.
The HUVEC cells were trypsinized and seeded at a cell density of 2.5 x 103 cells/well with
and without CD-urea (100 pg/mL). The plates were kept for 4 h at 37 °C in the incubator, and
network formation was observed by a confocal microscope (Carl Zeiss). The length of the
capillary network was obtained from random fields in each well and quantified using Imagel

software.

4.2.7 Scratch Wound-Healing Assay: To investigate the effect of CD urea on

endothelial migration, scratch assay was performed according to a published protocol [60]. In
brief, HUVECs were seeded in a 24-well plate (Nunc) at a density of 2 x 104 cells/well in
complete DMEM. In order to avoid cell proliferation, cells were serum-starved for 12 h and
after that maintained in 2% FBS for the entire experiment. Before a scratch was created, a
monolayer of cells was allowed to form. A sterile 20-uL pipet tip was used to create a scratch
in each well, and the media were removed and rinsed twice with DPBS to remove cell debris.
Further, different concentrations of CD were added to the wells and incubated at 37 °C. Wound
paths were observed under the microscope at the same location in different periods of time to
mark the migration of fibroblasts in the control/sample. Cells in the wound area were counted
at 6 and 12 h by three different observers to avoid biases in the results, and the mean was taken.

Images were taken at 4x magnification using a digital camera mounted on a microscope.

4.2.8 Cell Uptake Studies: To evaluate CD-urea uptake and distribution, HDFs and

HUVECs were seeded in chamber slides and incubated for 24 h at 37 °C in the incubator. After
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24 h, the cells were treated with CD-urea at a concentration of 100 pg/mL. At the end of 24 h,
the cells were fixed with 4% (w/v) paraformaldehyde. The cells were rinsed and incubated with
Hoechst for 5 min in the dark and observed using a confocal microscope. The cell uptake
efficiency was estimated by calculating the absorbance of media containing CD-urea at 0 h and
after 24 h of incubation with the cells, using the formula (Abs of CDurea at 0 h — Abs of CD-

urea at 24 h)/Abs of CD-urea at 0 h x 100 = % cell uptake.

4.2.9 Qualitative polymerase chain reaction: Gene expression studies were

conducted on HUVECS treated with/without CD-urea (100 pg/mL) for 24 h. The total RNA
was isolated from the cells using the pure-link RNA mini kit (Invitrogen). cDNA was made
with the help of a high-capacity RNAto-cDNA kit (Invitrogen). qPCR was done using a
TagMan PCR Master Mix (Applied Biosystems) on a Quant studio 2 (Applied Biosystems).
The primers and probes used were TGF- (Hs00820148), FGF2 (Hs00266645 m1), VEGFA
(Hs00900055 ml), MMP-2 assay (Hs01548727), PDGF (Hs00966522 ml), PGF
(Hs00182176_ml), and GAPDH (Hs02786624-g1) (Applied Biosystems). The amplification
conditions for analysis were 50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles at
95 °C for 15 s and 50 °C for 1 min. The obtained PCR results were normalized to the
housekeeping gene, GAPDH (Hs00204173 ml), and ACt was calculated. Fold changes

between various groups are expressed using AACt values [61].

4.2.10 In Ovo Angiogenesis Assay: The angiogenic potential of CD-urea was assessed

using CEA assay [18]. Briefly, the fertilized chicken eggs procured from a local poultry farm
were incubated at 37 °C for 4 days. The eggs were cracked, and the contents were transferred
carefully to 90 mm Petri dishes under aseptic conditions. Sterile filter paper disks treated with
a media/media-containing CD solution (100 pg/mL) were placed carefully on the egg yolks,

and the samples were incubated for a further 12 h. The images were captured on a camera
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mounted on a stereomicroscope (Stemi 2000 C with Axio Cam ICcl) and quantitated using

Angiotool 64 software. The images were captured at 0 and 12 h after treatment.

4.2.11 Determination of ROS: The intracellular ROS levels were measured using 2',7'-

dichlorofluorescein diacetate (DCFDA) dye-based assay [62]. Upon cellular uptake, the
nonfluorescent DCFDA was oxidized by ROS into 2’,7'-dichlorofluorescein (DCF). DCF is a
highly fluorescent compound that can be detected by fluorescence spectroscopy with
excitation/emission at 485/535 nm. To detect the ROS levels in HUVECs following CD-urea
treatment, the cells were seeded in a 24-well plate at a cell density of 1.5 x 104 cells/well and
incubated with different concentrations of CD-urea (50—200 pg/mL) for 24 h. The untreated
cells were used as controls to investigate the basal level of ROS in cells. After 24 h, the cells
were rinsed with PBS and incubated with DCFH-DA dye (working concentration of 25 pM)

for 30 min at 37 °C. Fluorescence was measured (Ex/Em =485/ 535 nm) in a microplate reader.

4.2.12 Determination of p65 Translocation: Immunofluorescence analysis of the

translocation of NF-kB p65 was checked on HUVECs. Briefly, HUVEC cells were seeded on
a coverslip at a cell density of 104 cells/mL. After 24 h, the cells were incubated with CD-urea
(100 pg/mL) and fixed with paraformaldehyde. In order to permeabilize the cells for antibody
incubation, the cells were treated with 0.1% Triton X-100 for 15 min and blocking was done
with bovine serum albumin (1%) for 60 min at room temperature. To check the translocation
of p65, the cells were labeled with a NF-kB p65 antibody (Invitrogen) at 1:300 dilution
overnight at 4 °C. p65 was detected using an Alexa Fluor 488-conjugated Superclonal
Secondary Antibody (Invitrogen). Hoechst (Invitrogen) was used as the nuclear stain. The

cytoskeleton was stained red with Rhodamine TRITC Phalloidin (Invitrogen).
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4.2.13 Statistics: The significance level in all statistical observations was set at a probability

of p <0.05. All of the data are presented as mean + standard deviation. ANOVA and student’s

t tests were used to analyze the data and to calculate the significance level.

4.3 Results and discussion:

4.3.1 Characterization of CD-Urea: CD-urea was prepared using an earlier reported

process [26] with 1:2 molar mixture of citric acid and urea using a solvo-thermal method at
200°C for 12 h. The morphology was analyzed by transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HR-TEM) of the as —prepared CD-urea,
drop-cast on a gold grid. The images exhibit the spherical structure of CD-urea (Figure. 4.1a)
in the range of 2-10 nm with an average size of 6.3 nm (N=100) (Figure. 4.1d). The HR- TEM
image also shows visible crystalline lattice fringes with interlattice spacing of 0.21 nm (Figure
4.1¢) which correlates to the d-spacing of the graphene planes. Most of the CD-urea exhibited
uniform atomic arrangements, indicating a high degree of crystallinity. The bright spots in

SAED pattern clearly indicate the crystalline nature of the material (Figure 4.1b).
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Figure 4.1: Characterization of CD-urea. (a) TEM image (Scale bar 20 nm); (b) SAED pattern; (c)

HRTEM image (scale bar 5 nm); (d) Size distribution (n=100).

The optical properties of CD-urea were measured by UV-Vis absorption and
photoluminescence (PL) spectra (Figure 4.2a & 4.2b). The quantum yield of CD-urea was 48
% which is comparable to a previous report [26]. As shown in Figure 4.2a, the UV-Vis spectra
of CD-urea exhibits two absorption peaks, one at 370 nm due to n-n* transition of C=0 bond
and the other at 556 nm due to sp2 domain in the particles with a tail extending into the visible
range. In the PL spectra of CD-urea (Figure 4.2b) as the excitation wavelength increased from
300 nm to 500 nm, the emission gradually shifted from 510 nm to 620 nm with the strongest
emission at 620 nm when excited at 510 nm. The full-spectrum PL behaviour of the CD-urea

can be exploited for bioimaging [27].
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Figure 4.2: Photophysical properties of CD-urea: (a) Uv visible spectra of CD-urea; (b) PL spectra

of CD-urea at different wavelengths.

To identify the surface functional groups on CD-urea; Fourier-transform infrared (FT-IR)
spectroscopy was performed as shown in Figure 4.3. The IR spectra of citric acid show peaks
in the region from 1050-1200, 1720 and 2930 cm-1 due to C-O stretching, C= O stretching and
C-H stretching along with a broad peak in the region of 3200-3400 cm—1 which is due to the
presence of stretching vibration of O-H in carboxylic acid. In case of urea, the absorption bands
in the region from 3428-3360 cm—1 and 1616 are due to stretching and bending mode of N-H
along with other peaks for C-N, C=0 at 1528 cm-1 and 1685 cm-1. In the case of CD-urea no
characteristic peaks similar to pure urea and citric acid was observed. A small shift in the peaks

of C=0, OH, N-H and C-N indicated the successful synthesis of CD-urea.
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Figure 4.3: FTIR spectra of CD-urea

In accordance with the FTIR results, the X-ray Photoelectron Spectroscopy (XPS)
measurements were carried out to prove the composition of as-prepared CD-urea and the full
scan spectrum is shown in Figure 4.4. The experimental data revealed the presence of C, N and
O element in CD-urea with atomic ratio of 65.48%, 15.43% and 19.09% respectively (Figure.
4.4a). The deconvoluted XPS spectra of Cls (Figure. 4.4b) revealed the presence of several
components. The peak at 283.67 eV is due to C=C while the peak at 284.38 eV corresponds to
aliphatic C-C. Further the peak at 285.64 eV and 287.23 eV is due to C-N-C, C=0 carbonyl
indicating amide linkage formation [28]. The partial XPS spectra of N1s was resolved into
three components with peaks at 398.44, 399.19 and 401.53 eV indicating that nitrogen exists
mostly in the form of C=N-C, C-N-C and C-N as shown in Figure 4.4c. [29] . Similarly, the
broad peak of Ols can be deconvolved into three components with binding energy 530.23 eV

(CO/N-0), 531.23 eV (C=0/-0—-C=0) and 533.3 eV (C—O/C—OH) (Figure.4.4d) [30].
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Figure 4.4: XPS survey scan of CD-urea. a) XPS full scan spectrum. XPS high resolution survey scan

of (b)

Cls, (¢) Nls, and (d) Ols region

4.3.2 Compatibility of CD-urea with cells and RBCs: The cytocompatibility of

CD-urea was assessed with dermal fibroblasts using the MTT assay. As shown in Figure 4.5a,

the proliferation of the cells following 24 h treatment with various concentrations of CD-urea

(0-200 pg/ml) was comparable to control. At 48 h after treatment, in comparison with the

untreated cells, the treated cells demonstrated a dose-dependent increase in cell proliferation.

Treatment with 80-200 pg/ml of CD-urea displayed a notable increase in proliferation as

compared to control. These results confirm the earlier reports which demonstrated the
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cytocompatibility of CDs prepared with citric acid and urea [31,32]. The confocal images of
the cells captured using an argon laser at 500 nm excitation, demonstrated the selective
accumulation of CD-urea in the cytoplasm of cells (Figure 4.5b). The hemocompatibility of
CD-urea was assessed by incubating CD-urea (100-1000 pg/ml) for 3 h with RBCs isolated
from goat blood. As demonstrated in Figure 4.5¢, in comparison to the positive control (water),

no lysis of the RBCs was observed with CD-urea, indicating its hemocompatibility.
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Figure 4.5: Biocompatibility of CD-urea; (a). Fibroblast proliferation assessed by MTT assay **
represents P value <0.01 (one way. ANOVA, Tukey’s multiple comparison test), (b). Fibroblast uptake

of CD-urea. Scale bar represents 20 um. (c). Hemocompatibility of CD-urea

4.3.3 Response of endothelial cells to CD-urea: Human umbilical vein endothelial

cells (HUVEC) derived from the umbilical cord are the most favored ECs used in research
[27]. The proliferative response of HUVEC on treatment with CD-urea (0-200 pg/ml) was
investigated using the MTT assay. Figure 6a demonstrates the viability of HUVEC on

treatment with various concentrations of CD-urea at the end of 24 h and 48 h respectively. As
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compared to the untreated cells, the number of cells at 48 h post-treatment with CD-urea (100
pg/ml and 200 pg/ml) exhibited a significant increase indicating the proliferative response of
endothelial cells to CD-urea. As no significant change was observed at lower concentrations,
we chose to further explore the effect of 100 pg/ml of CD-urea on other aspects of
angiogenesis. The distribution of CD-urea (100 pg/ml) in HUVEC after 24 h exposure was
monitored using a confocal microscope as mentioned above. The efficiency of CD-urea uptake
by HUVEC was 13.8% after 24 h exposure. The distribution pattern of CD-urea following its
uptake in HUVEC was similar to that of fibroblasts (Figure 4.5b), with the majority of its
accumulation observed in the cytoplasm at the end of 24 h (Figure 4.6b). An earlier report
indicated the accumulation of similar CDs in the nucleolus of HeLa cells [32]. While HeLa
cells are transformed cells, HUVEC and fibroblasts used in this study are of primary origin,

indicating its cell specific response.
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Figure 4.6: HUVEC viability and uptake. (a) MTT assay of HUVEC treated with CD-urea (0-200

—
Q
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ug/ml) for 24 h & 48 h. b) Confocal images of HUVEC incubated with CD-urea (100 pg/ml) for 24 h;

Scale bar represents 20 pm.

4.3.4 Effect of CD-urea on HUVEC migration: The migration of endothelial cells is

a key aspect of angiogenesis. The migratory response of HUVEC to CD-urea was studied using
the scratch assay, a standard wound healing assay widely used for probing cell migration in

vitro [33]. To check the effect of CD-urea on HUVEC migration, a wound area was created in
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a confluent monolayer of HUVEC by physically removing the cells from the area through
physical damage. The migration of cells into the wound area was monitored in untreated cells
(which served as control) and cells treated with CD-urea (100 pg/ml) for 12 h. Figure 4.7a
shows representative images of the scratch area taken in untreated cells (top panel) and CD-
urea treated cells (bottom panel) at various time points. The data demonstrated the initiation of
migration at 6 h in both conditions. The presence of a significant number of cells in the scratch
area of CD-urea treated cells as compared to control at the end of 12 h following treatment,
indicated the stimulation of migration by CD-urea. The percentage wound closure, calculated
as the percentage of the initial scratch area covered with cells indicated a significant reduction

in the wound area following CD-urea treatment as compared to control (Figure. 4.7b).
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Figure 4.7: Migratory Response of HUVEC to CD-urea. (a) Phase contrast microscopic images of
the scratch wound area in HUVEC cells without (upper panel) and 100 pg/ml CD-urea (lower panel) at
0 h, 6 h and 12 h respectively. (b) Graph represents the percentage wound area covered with cells at
different time points. Data expressed represents the average of three experiments performed in
triplicate. *** indicates P value <0.001 (two way ANOVA Bonferroni’s multiple comparison test).

Scale 250 um.
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4.3.5 Network formation assay: Angiogenesis is marked by the formation of a new

network of blood vessels [34]. We used an in vitro matrigel model for the study of angiogenesis,
wherein the endothelial cells assemble into capillary-like structures on matrigel made of
basement membrane matrix [35]. At the end of 6 h treatment with CD-urea, a significant
increase in the capillary network formation by HUVEC was observed as compared to control
(Figure 4.8a). A comparative quantitative analysis of the network formation revealed a
significant increase in the number of branches (Figure. 4.8b), number of rings (Figure. 4.8c)
and tube length (Figure. 4.8d) in CD-urea treated cells as compared to control. This data

suggests the pro-angiogenic property of CD-urea.
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Figure 4.8. Capillary network formation on matrigel. (a) Confocal images of the network formed
by untreated control cells and in CD-urea (100 pg/ml) treated cells for 6 h. Quantitative analysis of the
network formation with and without CD-urea treatment representing (b) Number of branches; (c)

Number of rings and (d) Length of capillary network. The data represents an average of six different
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areas captured from each well conducted in triplicate and quantitated using Image J software. ***

represents P value <0.001 (student t test). Scale represents 200 um.

4.3.6 Angiogenic gene profiling: The angiogenic process is regulated by a wide array of

factors such as growth factors and signaling molecules that regulate gene expression. We
evaluated some of the genes that are reported to play an important role in angiogenesis [36-
37]. HUVEC were treated with or without CD-urea (100 pg/ml) for 24 h and their expression
of pro-angiogenic genes like VEGF (vascular endothelial growth factor), bFGF (basic
Fibroblast growth factor), PDGF (Platelet derived growth factor), TGF-B (Transforming
growth factor-f), PGF (Placental growth factor), MMP-9 (Matrix metalloproteases-9) were
evaluated by qPCR (Figure 4.9). These signaling molecules individually as well as collectively
are believed to support endothelial cell survival, influence endothelial migration, chemotaxis
and matrix invasion leading to new capillary formation [38-40]. While a two fold increase in
the expression levels of VEGF and PGF was observed in the treated cells; the expression of
PDGF, TGF-$ and bFGF increased by four fold and MMP-9 by three fold respectively. The
above pro-angiogenic factors secreted by endothelial cells in response to CD-urea could be
responsible for the observed endothelial response. In addition, the probability of involvement

of other similar factors need to be further explored.
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Figure 4.9. Expression of pro-angiogenic genes by CD-urea. Relative expression (fold increase) of
pro-angiogenic genes measured by qPCR in HUVEC treated with/without CD-urea (100 pg/ml). Data
represents average values obtained from 3 experiments conducted in duplicate. *** represents P value

<0.001; ** P-value <0.01.

4.3.7 Ex-vivo angiogenesis assay: To confirm the pro-angiogenic activity of CD-urea,

we assessed the response of nascent blood vessels to CD-urea. The chick embryo angiogenesis
(CEA) assay [41], a standard in-ovo assay was used to study the influence of CD-urea on new
blood vessel formation as compared to untreated control. The images were captured at 0 h and
12 h after treatment. Figure. 10a shows the capillary network at 0 h and at 12 h after treatment.
As compared to 0 h (Figure. 4.10 1 & i1), the capillaries were more pronounced at 12 h (Figure.
4.10 i1 & 1v). On visual assessment of the capillary network, the embryos treated with CD-
urea (Figure. 4.10 1v) showed a significant increase in blood vessel formation as compared to
untreated control (Figure. 4.10 iii) in the same time frame. Quantitation of the blood vessels
using Angiotool64 software demonstrated a two-fold increase in branch points (Figure. 4.10b),
around five fold increase in vessel length (Figure. 4.10c) and a two fold increase in vessel area
(Figure. 10d) in CD-urea treated egg yolk as compared to untreated control, thus confirming

the angiogenic potential of CD-urea.
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Figure 4.10. Chick embryo angiogenesis assay. a) Stereomicroscope images of capillary network in
embryos before (i & ii) and after 12 h treatment (iii & iv). The capillary network in control embryos
were treated with buffer only (i & iii) and for treatment, the embryos were exposed to CD-urea
suspended in buffer (ii & iv). The quantitative data represents the number of (b) number of branching
points (c) average vessels length, (d) vessels area (n=3) in control and CD-Urea treated chick ova’s.

*** represents P value <0.001. Scale bar represents 500 pm.

4.3.8 Mechanism of action behind CD-urea mediated angiogenesis: The in vitro

and in-ovo angiogenesis data evidently surmise the pro-angiogenic property of CD-urea. We
explored the molecular mechanism of CD-urea mediated angiogenesis in HUVEC. It is
reported that endothelial cells exhibit oxidative stress when exposed to carbon nanoparticles
[42,43]. The biological response however depends on the level of oxidative stress produced in
the cells [44]. According to the proposed three-tier model, at low level of oxidative stress, an

antioxidant response mediated by Nrf-2 signalling pathway is observed, while at the
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intermediate level, an inflammatory response due to the activation of NF-kB cascade occurs.
In contrast, at high levels of oxidative stress, oxidative damage leading to apoptosis and
necrosis is observed [45]. Since oxidative stress at low levels play a positive role during
angiogenesis, and numerous studies have demonstrated the positive relationship between ROS
and angiogenesis [46,47] , we explored the effect of CD-urea on ROS using the DCFH-DA
assay, a widely used method to detect ROS generation. Data represented in Figure. 4.11 a & b
demonstrates the ROS levels following CD-urea exposure. As compared to the constitutive
expression of ROS in HUVEC, CD-urea exposure resulted in a dose dependent increase in
ROS expression. The expression although significant as compared to untreated cells, the
increase in however moderate. Our data corroborates with an earlier report demonstrating that
ROS at low levels function as signalling molecules to mediate angiogenesis by promoting cell
growth, migration, differentiation and gene expression [48]. ROS is reported to upregulate
several angiogenic factors through nuclear factor NF-kB mediated pathway [49,50]. The NF-
kB/Rel family in the form of homo- and heterodimers exist in the cytosol in an inactive form,
complexed with proteins of the IkB family. Upon stimulation, the phosphorylation by IkB
kinase (IKK) leads to the degradation of IkB and renders NF-kB free to translocate to the
nucleus and bind to promoters and enhancers, leading to gene regulation [51]. ROS-induced
activation of NF-kB resulted in VEGF and MMP-9 expression in endothelial cells [52]. The
expression of genes like VEGF and MMP-9 (Figure 4.9) observed following CD-urea
treatment, point towards NF-kB involvement in gene regulation. In addition, activation of NF-
kB leads to the release of cytokines/chemokines that subsequently lead to the expression of
pro-angiogeneic factors [53-54]. The expression of other proangiogenic factors like PDGF,
bFGF and TGF observed on EC treatment with CD-urea could be the consequence of NF-xB
activation. To verify NF-kB activation on CD-urea treatment, HUVEC were treated with CD-

urea and NF-kB activation was analyzed by nuclear p65 immunoreactivity as a marker for NF-
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kB activation. Figure. 4.11c demonstrates the presence of p65 immunoreactivity in the cells
treated with CD-urea indicating the downstream signaling following CD-urea uptake in
endothelial cells. The observed induction of angiogenesis following CD-urea treatment could
be the result of ROS-induced NF-xB activation. The distinct change in morphology seen in
HUVEC exposed to CD-urea as compared to the untreated cells is due to actin reorganization
which is induced by oxidative stress [55]. This change in actin regulation is reported to facilitate
endothelial motility [56]. The improved cell migration observed on CD-urea treatment might

be the consequence of the actin reorganization.
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Figure 4.11: ROS activity a). Quantitative analysis of ROS expression using the DCFH-DA assay
assessed after 24 h treatment with CD-urea. b) ROS activity with DCFH-DA treatment in CD-urea
treated HUVEC Scale bar represents 200 um. ¢) Confocal images of HUVEC untreated (upper panel)/

CD-urea (lower panel) stained with p65 antibody. i) Actin filaments stained with phalloidin (red) and
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nucleus stained with Hoechst (blue); ii) p65 detection in nucleus and cytoplasm of treated cells iii)

Merged images of (i) and (ii). Scale bar represents 10 pum.

4.4. Conclusion:
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In summary, we explored the biological response of endothelial cells on exposure to carbon
dots (CD-urea) prepared from citric acid and urea. HUVEC on treatment with the
cytocompatible and hemocompatible CD-urea, demonstrated a dose-dependent increase in
proliferative and improved pro-angiogenic response which was subsequently confirmed in the
in-ovo studies using chick embryo. Based on ROS induction and NF-kB activation in CD-urea
treated cells, we propose the angiogenic response observed with CD-urea could be the result
of downstream signaling of NF- «B. This has been supported by the increase in the expression
of pro-angiogenic factors that are known to play a major role in improving angiogenesis. This
study becomes highly relevant especially when CDs are being widely developed for biological
applications like imaging, drug delivery etc. In addition, given the favourable role played by
pro-angiogenic factors in the treatment of conditions like ischemic limb disease, wound
healing, cardiovascular disease etc., the CD-urea, can be explored further to address the

angiogenic insufficiency in the above-mentioned conditions.
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5.1 Introduction: Diabetic foot ulcer (DFU) is a major complication in people suffering

from diabetes mellitus (DM). It is estimated that about 15% diabetics develop foot ulcers and
is identified as the single most common cause of morbidity among diabetic patients [1]. DFU
manifests as deep lesions on the foot soles and is associated with peripheral vascular disease
and neuropathy. The commonly employed treatment methods like pressure off-loading, wound
debridement, skin grafting, anti-bacterial dressings, negative pressure wound Therapy
(NPWT), hyper-baric oxygen therapy (HBOT) are not consistently effective in all patients [2].
Cell-to-cell communication in biological systems is regulated by ion movement across cell
membranes and electrical signals through the tissue spaces. Hence, bioelectricity serves as a
critical communication mode in the body [3]. Recent studies have demonstrated the
significance of using bioelectric therapy in a variety of diseases, such as tissue repair, infection
control, bone fracture healing, nerve regeneration etc. [4]. Upon electrical stimulation (ES),
wounds are reported to show improved healing as a result of increased protein synthesis, cell
migration and increased blood flow [5,6]. While ES has been used for the treatment of DFU,
however the application is not well defined. The ES treatment conditions vary from 10 to 60
min per day at different frequencies and the treatment lasts from four to twelve weeks [2].
Despite the dissimilarities, a recent meta-analysis of 114 randomized clinical trials confirmed
that ES was an effective adjunct therapy for accelerating DFU healing. Although ES is proven
to enhance wound repair, it is not regularly used in the clinics due to patient non-compliance.
To improve patient compliance, a wireless micro current stimulation (MCS) method was used,
in which the charged gases present in the wound served as electron acceptor/donor [5]. Few
battery-operated wearable technologies like PosiFect RD® and Procellera® are approved by
the regulatory bodies for ES [6]. In recent years, the development of portable, human-friendly,
wearable electronic devices such as triboelectric and piezoelectric nanogenerators (TENG and

PENG) is attracting tremendous attention [7] due to their self-powered functionality. In
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particular, the electrical energy in TENG is obtained from friction between two triboelectric
layers [8], whereas the energy in PENG is based on the deformation of crystalline symmetry
due to mechanical stimuli [9]. Due to inherent surface charge density available in the polymer
based piezoelectric materials, it is possible to use such material as TENG and/or hybrid
TENG/PENG by simply monitoring the device architecture. For example, a TENG/PENG-
based device was used for the electrical stimulation of wounds, in which a bandage prepared
with Cu/PTFE layers was used on either side of a polyethylene terephthalate [10]. A recent
study has reported a wearable TENG composed of an organogel to harvest biophysical energy
and provide electric stimulation to the impaired tissue [11]. Whereas, such dressings might
provide optimal ES, however its use in wounds of DFU would be restricted due to its inability
to regulate the high exudate and infection. In addition the complexity of its construction and
application might serve as a deterrent for patient compliance. The use of hydrogels as wound
dressing is well established [12]. The high water content in the hydrogel and its ability to absorb
excess exudate, ensures a moist wound environment that facilitates debridement and faster
epithelialization [ 13]. Conductivity in hydrogels is obtained by the incorporation of conductive
materials, e.g., metals, carbon nanomaterials [14] or polymeric materials, such as polypyrrole
[15], polyaniline [16] and poly(3,4-ethylenedioxythiophene) [17]. Few conducting hydrogels
have shown promise in promoting wound healing [18]. The conductive hydrogels have
electronic characteristic which is similar to the human skin and can be assembled into flexible
electrodes in the human body [17]. With an intention to develop a patient-friendly, advanced
interactive dressing for DFU, we proposed to develop a dressing having the following
attributes: a) able to deliver ES; b) easy to use; c) wearable; d) non-invasive; €) provide a moist
wound environment and f) having electronic skin-like characteristics. To achieve this, we
conceptualized a dressing having a piezoelectric driven triboelectric nanogenerator (PTENG)

with a conducting hydrogel as an electrode. The PTENG was made with electrospun fibers of
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PVDF, as it is proven that the piezoelectric PVDF material can be directly used as the
triboelectric layer aided by the intrinsic dipole moment which allows the surface charges to
transfer during the contact and release process [19]. In order to provide a moist wound
environment, a biocompatible hydrogel was prepared using polyacrylamide and polydopamine
(PDA). As the structure of carbonized PDA (CPDA) is similar to nitrogen-doped graphite [20],
and exhibits electrical conductivity equal or much superior than reduced graphene oxides [21],
we introduced CPDA in the hydrogel for conductivity. The conductivity, rheological and
mechanical properties, antibacterial activity, tissue adhesiveness and biocompatibility of the
hydrogel was evaluated in vitro. The electrical output of the device was studied using
appropriate models. Finally, the efficacy of the dressing to promote wound healing was

demonstrated using an excision rat model.

5.2 Materials and methods

Materials: All chemicals used were of high purity and purchased from Sigma and Merck.
Dopamine hydrochloride (DA), Acrylamide, N, N-methylenebis (acrylamide) (MBA), N, N,
N', N'-Tetramethyl ethylenediamine (TEMED) and Tris buffer were purchased from Sigma
Aldrich. Phosphate buffered saline (PBS) was purchased from Himedia Laboratories. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was from Invitrogen. All other
chemicals and solvents were of analytical grade (commercially available) and used as received.
Ethanol was purchased from Merck (India) and used without further purification. Distilled
water was used throughout the synthesis.

5.2.1 Characterization techniques used:

Transmission electron microscopy (TEM) studies were carried out on a JEM2100 instrument,
equipped with digital micrograph software for investigating the selected area electron
diffraction (SAED) pattern of the graphene sheets. The FTIR spectra was recorded on Bruker

spectrophotometer equipped with a horizontal attenuated total reflectance (ATR) accessory
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containing a zinc selenide crystal. FE-SEM images were obtained on JSM-IT300 scanning
electron microscope (JEOL Ltd, Japan) at an operating voltage of 15 kV. For this, the hydrogels
were freeze-dried using a freeze-drier (FDUT-12003, Operon, Republic of Korea) for 24 h.
The samples were then sectioned, sputter coated with gold and visualised using JSM-IT300
scanning electron microscope (JEOL Ltd, Japan). The FT-IR spectra of pure PAM, pure PDA
and the PDA-PAM hydrogel (5 wt% DA/AM) were also analyzed to search for possible
interactions between PAM and PDA using an FT-IR spectrometer (Nicolet 5700, Thermo,
Waltham, MA, USA), and the spectra were recorded between 4000 and 500 cm!. The surface
chemical compositions of the PDA, PAM and PDA-PAM hydrogels were measured using XPS
(Kratos, Axis Ultra DLD, Manchester, UK). A monochromatic Al Ko X-ray was used as an
excitation source (hv=1486.6 ¢V) running at 15 kV and 150 W. The neutral Cls peak (C-C
(H), set at 285.0 eV) was used as a reference for charge correction. Before each measurement,
the sample was washed three times in deionized water and ethanol to eliminate reactant residue
from the sample and dried in a vacuum chamber at 40 °C for 2 days. Atomic force microscopy
(AFM, Bruker Multimode 8) was used to investigate the surface topologies of the synthesized
material. Raman analysis was carried out with a 532 nm laser line using a WITEC alpha 300
R Raman spectrometer, having a 600-line mm™' grating. XRD analysis was performed on
Bruker D8 Advance diffractometer at 40 kV and 40 mA with Cu Ka radiation (A=0.15418 nm)
in the range 2-80°. Rheological properties of the hydrogels were studied with Modular
Rheometer MCR302 (Anton Paar, Austria) using plate geometry (PP-25). The contact angle
measurements were performed with a drop shape analyzer, KRUSS, DSA 100E at Operating
temperature 10-40 °C. Conductivity measurement was done using a source meter, Keysight
B2902A. Lap shear measurement was carried out to evaluate the adhesive strength of the
hydrogel. Mechanical testing was done on BISS Tissue Compression Bioreactor. Cells in the

hydrogel were visualized using a confocal laser scanning microscope (Zeiss LSM880 confocal
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microscope, Carl Zeiss) and the images captured using Z-stacking mode under 10x

magnification.
5.2.2 Synthesis of PDA

PDA and CPDA were synthesized according to reported method with slight modification [1].
Briefly, 0.5 g of dopamine was homogeneously stirred in 100 mL tris base having pH 8.5. The
reaction mixture was kept for stirring for 24 h at room temperature. With the polymerization
of PDA, the solution underwent a colour change from colourless to pale brown and finally
turned to deep brown black over time, which is the typical colour of PDA. The material

obtained is centrifuged and dried overnight in an oven.
5.2.3 Synthesis of CPDA sheets

Carbonization of PDA was done at 800 °C for 2h at the heating rate of 10 °C/min, to form the

CPDA sheets.
5.2.4 Preparation of hydrogel

Series of hydrogels were synthesized by mixing PDA solution with CPDA nanosheets to make
different combination of PDA: CPDA (1:1, 1:2, 2:1). Thereafter, acrylamide (AM), APS and
BIS were mixed with the above solution and after mixing for 10 min, TEMED was added to
initiate the polymerization of acrylamide to form CPDA hydrogels. The control gel was
prepared in a similar manner without the addition of PDA and CPDA.

5.2.5 Self-healing and conducting property: The self- healing property of CPDA

hydrogel was determined using two methods [2]. While the cut & heal test was performed
according to our previous study, a similar test was done to monitor the flow of current during
healing process. For this, the hydrogel discs were cut into 2 halves and kept in close proximity
at 37°C and the time taken for the LED bulb to glow was noted. The conductivity of the CPDA

hydrogel was measured using four probe method with Keithely 2635B as source meter.
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5.2.6 Rheology: The strength of the hydrogels was studied with Modular Rheometer

MCR302 (AntonPaar, Austria) using plate geometry (PP-25) according to our previous report
[3]. For this the hydrogels were prepared in a disc shape mold and transferred to the plate. The
spindle was lowered to the measurement position with a gap of 0.21 mm and the storage and

loss moduli were recorded under time sweep with changing strain.
5.2.7 Adhesiveness: Texture analyzer was used to determine the adhesiveness of CPDA

hydrogel according to our previous reported method [3]. The following substrates were chosen
for the investigation: glass, steel, plastic, rubber, skin, kidney, liver and heart and all the
measurements were performed in triplicate.

5.2.8 Mechanical Testing: The compression test of the hydrogel was carried out using

BISS Tissue Compression Bioreactor (India). Using a hydrogel of 2 mm in height and 22 mm
in diameter, the compression test was performed using speed of the crosshead 1 mm/s and the
load cell was 200 N. The compression strength was determined when compressive strain

reached 60%.
5.2.9 Fluid handling capacity: The ability of the hydrogel to retain moisture and provide

a moist environment, was evaluated using the modified SMTL test method TM-238 as
mentioned by Das et al. [4] . The swelling index of the hydrogel was determined in PBS
(phosphate buffered saline) at 37 °C as reported [3]. For donation study,20% gelatin solution
was prepared and transferred to a petri dish. Pre-weighed CPDA hydrogel was placed on the
surface of the simulated wound for various time durations to allow the underlying gelatin gel
to absorb the moisture donated by the CPDA hydrogel. The fluid retention (FR) ability of the
hydrogel was calculated by using the following equation.

Fluid retention (%) = 2L

* 100 (Equation 1)

where Wi = initial weight of the plate along with the gelatin before hydrogel
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Wf = final weight of the Plate along with the gelatin after removing hydrogel
Wg = weight of hydrogel used
The study was carried out for 24, 48, 72 and 96 h using four different set of samples, each in

triplicate.
5.2.10 Preparation of PVDF membrane: PVDF membrane was made with slight

modification to the reported protocol [5]. Briefly 12 wt % solution was made by dissolving
PVDF pellets in a mixture of DMF and acetone (mass ratio of 6:4) at 60 °C. The homogeneous
solution was transferred to a syringe (10 mL) fitted with a stainless-steel needle for
electrospinning. The electrospinning process was carried out at a high-voltage power supply of
12 kV, and the distance between the needle and the roller collector was 13 cm. The speed of
the drum was 1200 rpm. The syringe pump was used to feed the polymer solution into the
needle tip at a rate of 0.4 mL h'! and the electro spun fibres were collected on a rotating
collector. The electro spun PVDF membrane was dried at 60 °C for 12 h to eliminate the
remaining solvents for further characterization and dressing fabrication.

5.2.11 PTENG Evaluation: To evaluate the electrical output of the nano generator, 3.5
cm X 3.5 cm of PVDF membrane was sandwiched between two preformed rectangular
conducting CPDA hydrogels of same size as that of PVDF membrane. While PVDF served as
the source for voltage generation, the conducting hydrogels served as electrodes. On
application of mechanical pressure, the triboelectric voltage that was generated was evaluated.
5.2.12 Dressing fabrication: The wound dressing for addressing impaired wound healing
was fabricated with a surface of the hydrogel laminated with PVDF membrane. For application,
the conducting hydrogel would be in close proximity to the wound, and the PVDF membrane
would face the opposite side. The dressing was designed for providing electrical stimulation to

the wound during physical movements like walking/stretching etc.
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5.2.13 Biocompatibility assay: The biocompatibility of the CPDA hydrogel was tested

using a standard protocol as reported earlier [3]. Briefly, the hydrogels were incubated in cell
culture media for 72 h at 37 °C. The fibroblasts seeded in multi-well plate were treated with
the contact media from the hydrogel and incubated for 24 h at 37 °C. The morphology was

monitored using microscope, and the MTT assay was performed to evaluate the viability.
5.2.14 Viability of encapsulated cells in CPDA hydrogel: To evaluate the potential

of the hydrogel to support cell growth, two primary cells i.e. human dermal fibroblasts (HDF)
and human endothelial cells (HUVEC) were used. The cells were isolated from human tissues
after receiving the donor consent, as per the ethics committee approval of PGIMER,
Chandigarh, India. For the study, HUVEC/HDF cells were seeded on the pre-cast sterile CPDA
hydrogels. After seeding, the hydrogels were incubated in a CO; incubator with regular
medium change every alternate day. On day 3, 5 and 7 after seeding, the viability of the cells
was checked using live/dead staining with FDA (Fluorescein-di acetate) and PI (propidium
iodide. After staining, the respective hydrogels were visualised using confocal microscope

(Zeiss LSM880 confocal microscope, Carl Zeiss) [3].

5.2.15 Migration of HUVEC in the hydrogel: The response of the endothelial cells

cultured in the CPDA hydrogel under the influence of an electric field was evaluated using a
customized electric stimulation device. Briefly, CPDA hydrogels were taken and sterilized with
the help of 70 % ethanol. HUVEC cells were then seeded on top of the hydrogel at a cell
density of 50000 cells /hydrogel and incubated for 24 h in media. Following the renewal of
the culture medium at 24 h, the seeded hydrogels were connected to a DC constant potential
source through external electrodes placed in a 35 mm petri plate. A potential difference of 100
mV/mm was applied for 6 h on 3 consecutive days. After 3 d, the hydrogel was subjected to

live dead assay using FDA and PI and the cells visualized using confocal laser microscopy [5].
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5.2.16 Bacterial viability Studies: To check bacterial viability on contact with the

synthesized hydrogel, E. coli was seeded on top of both the control and CPDA hydrogels and
incubated at optimum conditions for 24 h. At the end of exposure, the hydrogels were stained
using FDA and PI for 30 min in the dark. The stained bacterial cells were captured using a laser
scanning confocal microscope [6]. For FESEM gels seeded with bacteria were collected and
fixed with 2.5% glutaraldehyde solution for 30 min. The fixed samples were dehydrated using
alcohol gradient method. The samples were then air dried and sputter coated with gold
palladium before analysis. FE-SEM images were obtained on JSM-IT300 scanning electron

microscope (JEOL Ltd, Japan) at an operating voltage of 2 kV.
5.2.17 In vivo wound healing studies: The wound healing potential of CPDA hydrogels

was studied using the excision wound model in Sprague Dawley (SD) rats after receiving ethic
approval from the Institutional Animal Ethics Committee of Maharishi Markandeshwar
university (deemed to be), Mullana (Ambala), India. The rats were anaesthetized using an intra-
peritoneal injection of a mixture of xylazine and ketamine. The dorsal surface of the rat skin
was shaved with the help of trimmer and a full thickness wound of diameter 8 mm was created
using a biopsy punch. After creating the wound, the animals were divided into 3 groups namely
control, hydrogel and Dressing. The wounds were covered with either CPDA hydrogels or the
fabricated dressing. The wounds in the control group animals were covered with adhesive film
dressing (Tegaderm). The wound site of every animal was photographed on d 1, 3, 7 and 14
and the wound diameter was measured. At the end of 14 d, the animals were sacrificed and the
implanted skin tissues were harvested to process for immunohistological and H&E staining [7].
For immunostaining, the excised wound area was processed and sectioned using cryo-
microtome. For immune histological staining, the sections were incubated with 10 mm sodium
citrate buffer for 1 h. To prevent non-specific binding, the sections were blocked with 5 % BSA

solution for 2 h. To identify the blood vessels, the tissue sections were labelled with an
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endothelial marker, CD 31 (Invitrogen) at a dilution of 1:300 O/N at 4 °C. CD31 positive
samples were identified using an Alexa Fluor 568-conjugated secondary antibody (Invitrogen).
Hoechst (Invitrogen) was used as the nuclear stain. Sections were assessed under confocal laser

microscope (Zeiss LSM 880) [8].

5.2.18 Statistical Analysis: The significance level in all statistical observations was set at
a probability of p < 0.05. All the data is presented as mean = SD. ANOVA and Bonferroni test
were used to analyse the data and to calculate the level of significance.

5.3 Results and discussion: Taking into consideration the unique challenges facing DFU
dressings, we developed a simple bi-component dressing made with PVDF membrane and a
conducting CPDA hydrogel respectively.

5.3.1 Synthesis and characterization of CPDA: PDA and CPDA were synthesized

using a facile two-step method as shown in Figure 5.1. The first step was an alkali-induced
PDA polymerization, in which DA molecules were oxidized to form PDA chains through
reaction of the catechol and quinone groups. In the second step, carbonization of PDA was
done at 800 °C for 2 h at the heating rate of 10 °C/min, to form the CPDA particles. Pyrolysis
at high temperatures (800 °C) of PDA particles resulted in N-doped carbon materials with
graphene-like structures. Conclusions drawn from the structure of the carbonized films

revealed layered-stacking supramolecular arrangements.

NH,
Tris Buffer ~ 'NH .
. _ . Polymerisation Calcination
HO pH 8.5 E——
OH HO OH 800¢C
Dopamine (DP) Intermediate

. Polydopamine (PDA)

Figure 5.1: Schematic representation for the synthesis of PDA and CPDA sheets.
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5.3.2 Morphological studies: The morphology of the synthesized CPDA material was

investigated by TEM and AFM microscopy. The images shown in Figure 5.2 (A-C) confirm
the sheet like pattern of CPDA similar to graphitic sheets [1]. High resolution TEM images of
selected region shown in Figure 5.2C, revealed the interplanar distance of 0.341 nm
corresponding to 002 plane of graphitic nanosheet. Additionally, we carefully measured the
layer distance of these thin films using image J software and found to be approximately 0.34
nm, which was similar to the data obtained from FFT. The value indicated its similarity to the
typical distance observed between graphite stacking layers, Figure 5.2 C. Besides, we also
found several dark domains indicating few ordered stacking layers of graphitic sheets and its
corresponding FFT images confirmed the interplanar spacing of 0.215 nm, 0.341nm and 0.556
nm corresponding to 100, 002 and 001 planes of graphitic sheets (Figure 5.2B). The real-space
image and its fast fourier transform (FFT) pattern (inset in Fig. 5.2C) further confirmed that
the material was layered graphene with a spacing of 0.34 nm. The SAED pattern shown in
Figure 5.2D reveals the presence of a hexagonal lattice of crystalline graphitic like sheets with
long-range order. The observed diffraction pattern revealed both diffraction rings and ordered
hexagonal diffraction patterns. On the basis of these results, CPDA may be regarded as a multi-
layered graphitic film. Kong ef al. had reported that highly electrically conductive layered
carbon can be derived from PDA after its carbonization [9]. The active crystal planes of the
nanosheets calculated to be (002) and (100) planes of the reciprocal lattice (Figure 5.2D), which
is in line with the data obtained from XRD measurements (Figure 3F1). The AFM analyses,
Figure 5.2 (E-F) indicated an average thickness of 9.5 nm which corresponds =28 layers of
graphene. From the morphological characterization, it is predicted that the layered structure of
graphitic carbon can have high conductivity. This coincides with the graphitic nature of the
material deduced from the Raman and X-ray photoelectron spectra. The smooth and continuous

morphology, together with the graphitic nature, might bestow high conductivity to CPDA.
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Figure 5.2: Characterization of CPDA. A, B) TEM image; (C) HR-TEM image, inset in (c) shows
the FFT pattern of CPDA and (C) SAED pattern. (E, F) tapping-mode atomic force microscopy
(AFM).

5.3.3 Raman, XRD and XPS: The Raman spectra of both PDA and CPDA particles
showed two distinct peaks, a D band at ~1350 cm ™! and a G band at ~1580 cm ! respectively
(Figure 5.3 (D1, D2)). The D band is due to the distorted carbon, and the G band corresponded
to graphitic carbon. The area integral intensity ratio of the two peaks (Ip/Ig ratio) was increased,
and the peak position of the G band tended to shift to a higher Raman shift with carbonization
(Figure 5.3 D1). The increased 1d/Ig ratio and gradual blue shift indicated that the PDA layer,
which consists of amorphous carbon, was converted to a nanocrystalline graphite-like structure.
In addition, this increase in the intensity ratio indicated a generation of defects and doping by
heteroatoms (nitrogen and oxygen) in the graphitic planes during the calcination of PDA [1].
This Raman spectrum showed typical feature of a mixture of amorphous carbon and

nanocrystalline graphite, which is in agreement with our HRTEM observation.
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Wide angle X-ray powder diffraction analysis was conducted under monochromatized Cu-K.
To confirm the crystallinity and phase structure of the material as shown in Figure 5.3 (F1, F2).
In PDA, an intense crystalline peak observed at 20 =26.4° (d=0.34 nm) corresponds to the (002)
diffraction peak of PDA. In CPDA, the intensity of the peak reduced and the peak appeared
broader due to the partial breakdown of the long-range order of the graphitic like sheet.
Moreover, the peak position remained almost the same. Meanwhile, a relatively weak and
broad shoulder was observed at 26=22.8°, yielding an interlayer separation of 0.39 nm. The
interlayer spacing was calculated to be the (002) graphite peak of 0.35 nm. The prominent
diffraction peak at 26 = 30.1° originated because of the characteristic reflection from the (002)
graphitic plane. This peak is much sharper than the small peak at 20 =43.5° assigned to the
(100) plane of distorted graphitic sheets, confirming the high degree of crystallinity (Figure 5.3
F2).

The chemical structural analysis of PDA and CPDA was evaluated by the X-ray photoelectron
spectroscopy (XPS) spectrum. Figure 5.3 (Al, A2, B1, B2, C1, C2) displays the wide survey
spectra of PDA and CPDA, indicating the presence of oxygen, carbon and nitrogen.
Deconvoluted spectrum of Cls shows five characteristics peaks at 284.7, 286.3, 287.8, 288.9,
and 290.5 eV that correspond to the C-C, C-O/ C-N, C=0/C=N, O-C=0 and n-n* transitions
respectively (Figure 5.3 (B1, B2)) [1].The high-resolution N1s spectra can be deconvoluted
into three peaks located at 397.8, 399.6, and 402.1 eV, which can be assigned to the pyridinic
N, pyrrolic N, and graphitic N respectively Figure 5.3 (C1, C2). In PDA, the N1s spectrum is
solely dominated by pyrrolic nitrogen Figure 5.3 (C2). Meanwhile, the XPS survey of CPDA
exhibited a significant peak area of pyridinic nitrogen, which is comparable with that of
pyrrolic nitrogen, thus indicating the appearance of nitrogen at the edge of the graphitic layer
Figure 5.3 CI1. Similarly, the peaks of Ols can be deconvolved into three components with

binding energies of 530.01 eV, 531.65 eV and 534.02 eV which correspond to C-O, C=0O and
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C-OH/C-O-C groups both in PDA and CPDA (Figure 5.3 (Al, A2)). Moreover, the peak
intensity in CPDA for C=0 has been increased w. r. t. PDA confirming its carbonization. The
survey scan illustrates the existence of Cls, N1s, and Ols peaks at approx. 284.5, 400.9, and
533.5 eV. With carbonization, while the percentage of carbon was increased significantly,
nitrogen and oxygen decreased. In CPDA, the percentage of N and O was found to be 4.3%

and 16.1% while in PDA it was 3.3% N and 33.3% O respectively (Figure 5.3 (E1, E2).
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Figure 5.3: X-ray photoelectron spectroscopy survey of PDA and CPDA. XPS high
resolution spectrum. B1, B2) O1 region; (C1, C2) Cls region; (D1, D2) N1s region; (D1, D2) XPS full

scan spectrum. Raman spectra. E1) CPDA; E2) PDA. XRD diffractogram. F1) CPDA; F2) PDA.
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5.3.4 Synthesis and characterization of the CPDA hydrogel: The CPDA

hydrogels were synthesized using a facile two-step method as shown in the Figure 5.4.

TEMED, APS, BIS,

Polymerisation in O, ‘ DP, Polymerisation - |
—* * o/
Carbonization  Carbonized ; Lw_
polydopamine ¢ B e
CPDA .
CPDA Hyd 1
Dopamine [ & A Hydroge
(DP) Acrylamide

. Hydrogen . Carbon . Oxygen . Nitrogen

Figure 5.4. Schematic representation for the synthesis of CPDA hydrogel

A series of hydrogels were made by varying the ratios of PDA and CPDA i.e., 1:1, 1:2 and 2:1
of PDA: CPDA respectively, while keeping the other components constant as discussed in
experimental section. For DFU application, a hydrogel was chosen on the basis of its
conductivity, adhesiveness and storage modulus. The conductivity studies confirmed the
positive influence of the CPDA content in the hydrogel formation (Figure. 5.5 A). PDA content
had an influence on the adhesiveness of the hydrogel (Figure. 5.5 B) [23]. The mechanical
strength, evaluated using rheological tests indicated that respective hydrogels followed the
order: PDA: CPDA (1:1) <PDA: CPDA (2:1)>PDA: CPDA (1:2) (Figure. 5.5 C). The increase
in mechanical strength observed with increasing content of PDA may be facilitated by the
higher entanglement of the polymer chains that act as a reinforcement for the hydrogel [24].
Considering its application in DFU, we selected the hydrogel with 2:1 ratio of PDA: CPDA,
on the basis of its favourable conductivity (0.02 S/ cm), strength (~100 kPa) and adhesiveness
(~75 kPa). Henceforth this hydrogel would be referred to as CPDA hydrogel and further studies

were pursued in comparison with the control gel (plain acrylamide gel). During the hydrogel
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formation, the CPDA sheets interlink with the PDA chains through covalent and non-covalent
interactions. Additionally, the catechol groups present on PDA interact with the amino groups
of the polyacrylamide to form covalent and recoverable non-covalent bonds, including n—n
stacking and hydrogen bonds through intertwining in the polyacrylamide network [24]. A

vibrational band at around 1260 cm™ !

corresponds to C-N stretching in phenyl amines as
confirmed from the FTIR spectra (Figure. 5.5 D). This peak also indicated the interactions
between the -NH2 groups of polyacrylamides and the catechol groups of polydopamine. The
broad band from 3700 to 3300 cm™' is assigned to N-H and O-H stretching modes, and peaks
at 2936 to 2881 cm™! are due to the C-H stretching mode. The strong absorption peaks at around
1

1720 cm™ ! is due to the C— —O stretching and another sharp peak at around 1640 cm™ ! is

attributed to the vibrations of sp2 domains which confirms n—n stacking.
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Figure 5.5: Physical characteristics of CPDA hydrogel. (A) Electrical conductivity of series of
CPDA hydrogels, (B) Adhesive strength of CPDA hydrogels, (C) rheological studies, (D) FTIR
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5.3.5 Morphology, fluid handling capacity and rheological properties:

Hydrogels can serve as scaffolds for the regenerating tissue and the cellular response is
dependent on the structural properties of the hydrogels. Hydrogels having pore size in the range
of 50-300 um are known to facilitate the transport of nutrients and support cell growth [25].
The FESEM images of freeze-dried CPDA hydrogel revealed interconnected network of pores
in the range of 50-100 um (Figure. 5.6 A), suggesting it can provide optimal condition for
favouring tissue growth. Hydrogels with good fluid handling capacity are known to enhance
the rate of wound healing by providing a moist environment to the wound [26] to encourage
autolytic debridement and facilitate epithelial migration [27]. Therefore, a hydrogel that
combines both fluid absorption and moisture donating properties can provide an optimal
environment for healing. Non-healing ulcers generally produce high levels of exudate that must
be promptly removed, to prevent wound infection/maceration [28]. Upon evaluation of fluid
uptake, both control and CPDA hydrogels absorbed a significant amount of fluid and exhibited
swelling of around 280% and 260% respectively (Figure. 5.6 B). As hydrogel dressings are
replaced every 2—3 d, the swelling ability of the CPDA hydrogel suggested that it can absorb a
significant amount of wound exudate. In cases where the wound may be desiccated, the
hydrogel with its high-water content can provide a moist wound environment by fluid donation
[26]. The ability of the CPDA hydrogel to donate moisture is shown in Figure. 5.6 C. It was
observed that the gel could donate ~ 30 + 2% of its moisture by 96 h, suggesting that the
hydrogel can provide a moist environment even to desiccated wounds [13]. Apart from fluid
handling, the hydrophilicity of the hydrogel was assessed using contact angle [29]. As the DFU
is located on the foot, it is subjected to frequent mechanical stretching and compression. Hence,
the dressings meant for such areas demand higher mechanical properties. Rheological studies
were performed to assess the mechanical properties of the respective hydrogels. Data from the

amplitude sweep study revealed that both the control and CPDA hydrogel showed higher

143 |Page



CHAPTER-5

elastic modulus than the viscous modulus, thereby confirming its gel property [24] (Figure. 5.6
D). The frequency sweep data revealed little change in storage modulus with less variations in
the loss moduli indicating no sign of breakage (Figure. 5.6 E). These results confirmed that the
hydrogels were mechanically robust and had higher strength than the conducting hydrogels
reported for tissue regeneration and wound healing [30]. Since the storage modulus of soft
tissues, like the dermis is in the range of 10?> ~103 Pa [31], the CPDA hydrogel with adequate
mechanical properties has the potential to meet the mechanical requirements matching that of
soft tissues [32]. As shown in Figure. 5.6 F, the incorporation of CPDA had resulted in an
increase in the storage modulus of the hydrogel (~1 x10° Pa) in comparison to the control gel
(~1 x10* Pa). These results are in good agreement with the storage modulus of hydrogels

reported for wound healing.
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Figure 5.6: Characterization of CPDA hydrogel (A) FESEM images of freeze-dried CPDA hydrogel;
(B) Swelling index; (C) Fluid donation by CPDA hydrogel. Rheological properties (D) Amplitude
sweep of CPDA hydrogel showing the elastic modulus (solid lines) and viscous modulus (dotted lines)
at different shear strain; (E) Frequency sweep measurements demonstrating their viscoelastic behaviour
(G’ > G”’); (F) Storage modulus; Data represents an average of 3 experiments. **** represents P-value
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<0.0001, *** P-value < 0.001 and ** P-value <0.01 respectively (One-way ANOVA, Tukey's multiple

comparisons test).

5.3.6 Self-healing and conductivity of the CPDA hydrogel

Self-healing ability is recommended in hydrogels, especially for application on surfaces that
are subjected to mechanical stress. The self-healing ability of the CPDA hydrogel was
investigated using the brake—heal test (Figure. 5.7(A1-A3). The time required for self-healing
without any external stimulus was 12 £ 3 min and 8 = 2 min for control and CPDA hydrogel
respectively (Figure. 5.7 C). The time for self-healing in these hydrogels is considerably shorter
than that reported in self-healing hydrogels for wound repair applications [24]. The faster
recovery can be ascribed to catechol-mediated interfacial hydrogen bonds and n—n stacking in
the hydrogel network. The good self-healing performance of the hydrogel would ensure that it
can prevent the potential risk of infection as a result of dressing rupture, apart from protecting
the underlying wound. While few conducting hydrogels per se have been tested in wound
healing [33], there are no reports on its use as an electrode for ES. Since CPDA is conducting
in nature [22], we postulated that the CPDA hydrogel can serve as an electrode in our
application. Using the four-probe method, the conductivity of the control gel and CPDA
hydrogel was observed to be 2 X 10— 6 S/cm and 2 x 10— 2 S/cm respectively (Figure. 5.7 D).
The results confirmed the conductivity of CPDA matched the dermal tissue (0.01-0.07 S/cm)
[34] and the electroactive hydrogel could serve as an electrode for ES. The illumination of LED
light in the hydrogel on post-healing, confirmed that current flow was re-established post its
distortion (Figure. 5.7 (B1-B3)). The relative change in resistance at different strains following
its stretching is shown in Figure. 5.7 E. The conductivity of CPDA hydrogel was also assessed
in response to various human gesticulations like elbow and finger bending and finger flapping
by using it as a wearable strain sensor. As shown in Figure. 5.7(F1-F3), the hydrogel applied
on the various joints displayed a change in current during movement, indicating its potential as
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a motion sensor. These results are in agreement with the reported values of current for wearable

strain sensors and tissue repair [35].
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Figure 5.7: Self-healing and conductivity tests. (A1-A3) Self-heal test; (B1-B3) LED illumination
post self-healing; (C) Time for self-healing; (D) Conductivity measurement; (E) Relative change in
resistance in CPDA hydrogel at different strains; Change in current on: (F1) Finger bending; (F2) Finger
flapping (F3) Elbow bending. Data represents an average of 3 experiments. **** represents P-value

<0.0001 and ** P-value <0.01 respectively (One-way ANOVA, Tukey's multiple comparisons test).

5.3.7 Adhesiveness, stretchability and compressive properties

The foot wounds are subjected to various degrees of pressure during movement and good
adhesion of the dressing to the tissue can avoid potential exposure of the wounds to the external
environment. The hydrogels in the dressing should therefore have good adhesive property to
enable it to attach to the underlying wound. PDA based hydrogels have good tissue
adhesiveness in view of its structural similarity to an adhesive protein secreted by mussels [36].

The ability of the CPDA hydrogel to adhere to various substrates was tested Figure. 5.8 (Al-
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AS8). The adhesiveness of the CPDA hydrogel with skin (70 + 10 kPa) was significantly higher
than the control gel (40 & 5 kPa) (Figure. 5.8 A9). This data matches with the recommendations
of Hao et.al. for tissue repair applications [35]. Its excellent adhesive strength is displayed by
its ability to support a tube containing 50 mL of water (63.9 g) (Figure. 5.8 A10). Wound
healing is a well-orchestrated process with multiple overlapping stages including hemostasis,
inflammation, proliferation, reepithelization and remodeling. Delay at any stage can affect the
healing process. In DFU, repeated injury to the wound site as a result of physical movement is
a major factor affecting healing [37]. The existing DFU dressings are unable to provide
protection to the underlying wounds and hence off-loading is recommended [38]. Only few
studies have paid attention to wounds in areas frequently subjected to motion. [33]. We
evaluated the ability of the hydrogel to accommodate physical movement. As revealed in
Figure. 5.8 C, the CPDA hydrogel could withstand stretching and was able to sustain large
deformations while retaining the elasticity of the hydrogel [24]. The compressibility of the
hydrogel is another important aspect for application in weight-bearing areas, such as the foot.
The potential of the hydrogel to withstand compressibility was confirmed using a tissue
compression bioreactor (Figure. 5.8 (B1-B3)). Figure. 5.8 (B4) shows the typical stress—strain
curve of the CPDA hydrogel. The maximum compressive strength of the hydrogel determined
at 60% of compressive strain was found to be 0.18 MPa, suggesting the ability of the hydrogel
to sustain mechanical deformation caused by movements. The changes in strain and stress w.r.t
time is shown in Figure. 5.8 (D-F) and the data revealed that the CPDA hydrogel maintained

its integrity even after multiple cycles of compression and relaxation.
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Figure 5.8: Adhesiveness, stretchability and compressibility of CPDA hydrogel. Photographs of the
hydrogels adhered to various substrates. (A1) Glass; (A2) Rubber; (A3) Steel; (A4) Plastic; (AS) Skin;
(A6) Kidney; (A7) Liver and (A8) Heart; (A9) Adhesive strength of the hydrogel with skin. ***
represents P-value < 0.001 respectively (One-way ANOVA, Tukey’s multiple comparisons test). (A10)
Hydrogel supporting tube containing water [SO mL]. Response to compression. Shape of the hydrogel
(B1) Pre-compression; (B2) Upon compression; (B3) Post-compression; (B4) Typical compression
stress—strain curve of for CPDA hydrogel. (C) Stretching potential. (D) Change in strain on continuous
compression and relaxation process. (E) Change in stress on continuous compression and relaxation
process. (F) Curve showing maximum strain and minimal stress during the compression and relaxation

process.

5.3.8 Fabrication of the PTENG wound dressing and Electrical output

evaluation

To provide ES to the underlying wound, we fabricated a composite PTENG wound dressing
by pairing a PVDF membrane (prepared by electrospinning technique as illustrated in Figure.

5.9 A) along with the CPDA hydrogel. The adhesive property of the CPDA hydrogel enabled
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its firm fixation to the PVDF membrane and assist in the collection of the piezoelectric driven
triboelectric charges from the surface of the PVDF membrane. To investigate the surface
morphology of the PVDF membrane, FE-SEM images of the nanofibers was recorded (Figure.
5.9 B1). The images revealed the surface of the nanofibers to be smooth and bead-free, and the
average fiber diameter was ~78 nm. Furthermore, in order to understand the chemical
composition of the PVDF membrane, XPS spectra was measured using monochromatic Al K
alpha X-ray source. The survey scan of the membrane revealed the presence of carbon (C) and
fluorine (F) elements in the PVDF membrane with atomic percentage ratio~1:1 (Figure. 5.9
B2), indicating that the high voltage assisted electrospinning had not caused its degradation.
From the curve fitting analysis, the presence of some adventitious carbon observed may be due
to environmental contaminants which is hard to avoid [39]. Next, the electroactive phases of
the electrospun PVDF membrane was confirmed from the FTIR spectra. The vibrational bands
at 1275, 840 and 509 cm— 1 are attributed to the electroactive B-phase, and the characteristic
peak at 762 cm— 1 correspond to the non-polar a-phase (Figure. 5.9 B3) [40]. The
transformation from a to B phase in PVDF is attributed to the fact that the high electric field
during the electrospinning process can facilitate the growth of the B-phase by producing a
completely different arrangement of polarity in the PVDF fibers [41]. The B phase is expected
to play a vital role in the PTENG device performance. Electrical output of the PVDF/CPDA
hydrogel was determined using the construct shown in Figure. 5.9 C. Here, the PVDF
membrane served as the active layer and the conducting hydrogel served as electrodes. When
pressure was applied on the above assembly, piezoelectric voltage was generated between the
two conducting hydrogels. In the absence of pressure, no piezo response was observed. On
application of force/pressure, a flow of electrons between the two electrodes was generated,
leading to a potential difference between the two electrodes. The output voltage and short

circuit current of the dressing was assessed by repetitive human finger tapping on the PVDF
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membrane, using mechanical pressure of ~13 kPa, with a frequency of ~5 Hz. The dressing
generated an open circuit output voltage (Voc) and short circuit current (Isc) of ~42 mV and ~
60 nA respectively (Figure. 5.9 D, E). The results indicated that the open-circuit voltage
increased with increasing input pressure (Figure. 5.9 F). The influence of impact frequency on
output voltage, was measured through repeated finger compression and release at different
frequencies (1-5 Hz), while keeping the mechanical pressure constant (Figure. 5.9 G). The
almost constant output voltage observed in the frequency range of 1-5 Hz, suggested that the
output voltage was independent on the rate at which the mechanical deformation was imposed,
which is favorable for our desired application. With no major adverse events being reported
with current between 50 and 1000 pA [42], it might be assumed that the electrical output

observed in the dressing would be relatively safe.
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Figure 5.9: Characterization of PTENG dressing (A) Schematic representation of PVDF membrane
fabrication using electrospinning. Characterization of PVDF membrane. (B1) SEM image; (B2) XPS
survey spectra; (B3) FTIR Spectra in the wavenumber region 1600-400 cm™; (C) Schematic
representation of dressing; (D) Short circuit current (Isc); (E) Open circuit voltage (Voc) under repetitive

imparting pressure of 13 kPa; (F, G) Variation of open circuit voltages (Voc) under different conditions.
The piezoelectric B-phase of PVDF membrane prepared during the layer-by-layer stacking of
nanofibers using the electrospinning process results in void formation throughout the
membrane [43,44]. These void structures are modulated upon the application of external
mechanical load/impact. As illustrated, Figure. 5.10 a indicates the distribution of electroactive
dipoles attributed to the B-phase of PVDF in initial wound dressing where no mechanical load

is applied. Upon application of mechanical load, available dipoles try to align in particular
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direction to give rise to the generation of effective electrical potential difference between the
top (designated by negative signs) and bottom surface (designated by positive signs) of the
nanofiber membrane. In addition, the structural change of voids due the compressive stress
leads to induction of resulting potential difference between the top and bottom edges of
membrane [45]. Hence, the effective potential difference generated in Figure. 5.10 b is due to
aligned dipoles of fibers and induced charges generated due to change in void structure under
mechanical load. This distribution of charges changes on removal of mechanical load that leads
to relaxation of dipoles of fibers and corresponding induced charges (Figure. 5.10 c¢). The
charge compensation takes place via conducting hydrogel placed between wound and nanofiber
membrane. In addition, we have performed finite element analysis of wound dressing structure
to evaluate the effective distribution of electric potential, stress and displacement under
mechanical load (Figure. 5.10 d (i~iii)). It is observed that the maximum electric potential
(Figure. 5.10 d (1)) lies around the interface of nanofiber membrane and conducting hydrogel
due to induction of charges as described in Figure. 5.10 b. On the other hand, the distribution
of stress (Figure. 5.10 d (i1)) around each nanofiber leads to compressive displacement (Figure.
5.10 d (ii1)) that give rise to change in void structure which induce charges between the edges
of membrane. The data reveals that the piezo-driven triboelectric nanogenerator would provide

continuous electrical impulses to the wound bed from the PTENG dressing.
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Figure 5.10. Mechanism of the charge generation in piezo-driven triboelectric nanogenerator of
wound dressing with (a) the initial distribution of dipoles of nanofiber membrane where induced
charges generated at the surface due to effective polarization of randomly oriented dipoles of the
nanofiber membrane, (b) the alignment of dipoles of nanofiber membrane under mechanical load and
effective distribution of induced potential difference between top and bottom edge of nanofiber
membrane and (c) relaxation of dipoles after removal of mechanical load leads to redistribution of
dipoles and corresponding induced charges. (d) Finite element analysis of distribution of (i) electric
potential, (ii) stress and (iii) displacement in the wound dressing under application of mechanical load

of 13 kPa.
5.3.9 Cell response to the wound dressing: As the wound dressing would be in close

contact with the wound, it should be biocompatible. We evaluated the biocompatibility of the
CPDA hydrogel as per ISO 10993 [46]. Exogenous electric field is known to control cellular
activities such as fibroblast proliferation and migration [47]. As fibroblast proliferation play an
important role in wound healing, we evaluated the proliferative response of dermal fibroblasts
in hydrogels with or without electrical stimulation. Analysis of the cells seeded in the
hydrogels revealed a considerable increase in the number of viable fibroblasts with time,
suggesting the hydrogels supported fibroblasts proliferation (Figure 5.11 A). The significant
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increase in the number of fibroblasts in ES hydrogel, over un-stimulated hydrogel further
confirmed the positive influence of ES on fibroblasts proliferation. Vascular deficiency is an
underlying factor responsible for delayed healing in DFU [48]. Application of an electric field
is reported to provide endothelial cells with significant directional cues which influence its
migration and alignment [49]. The response of HUVEC was similarly evaluated in the
electrically stimulated hydrogel in comparison to the unstimulated hydrogel. Confocal images
of endothelial cells on day 3 revealed the alignment of endothelial cells to form a capillary-like
network (Figure 5.11 B)in the ES hydrogels. In contrast, the cells that were not exposed to ES
were randomly distributed in the hydrogel. The data suggests that the hydrogel supported
endothelial cell viability and encouraged its migration in response to an electrical field to form
a capillary network thus confirming its potential to support angiogenesis. The ability to support

cellular activity confirmed the hydrogel can serve as a scaffold to encourage skin regeneration.

(A) Day3 Day 5 Day 7 (B) Day1l Day 3

Without ES

With ES Without ES

With ES

Figure 5.11: Response of fibroblasts and endothelial cells to ES. A. Fibroblast response in hydrogels
with or without ES. B. Endothelial cell alignment in the hydrogel with or without ES. Yellow arrow

indicates network formation. Scale bar represents 200 um.

5.3.10 Antibacterial studies: Minor foot lesions in diabetic patients may lead to chronic

ulcers, which subsequently are susceptible to infection resulting in gangrene and even
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amputation. Infection, if not addressed early can lead to septicemia. As DFUs are chronic and
the exudate of DFU provide a rich environment for bacterial growth, appropriate anti-infective
treatment is important. However, as most clinically evident bacteria have developed resistance
to multiple antibiotics, wound dressings having inherent antimicrobial activity would be
preferred. Contact-induced anti-bacterial activity of polydopamine is established [50,51].
Whereas several anti-bacterial mechanisms have been proposed, nonetheless, the destruction
of cell membrane has been observed in all such bacteria. We evaluated the antibacterial activity
of the CPDA-hydrogels using E. coli as a representative bacterium. A suspension of E. coli
was exposed to either CPDA-hydrogel or control hydrogel for 24 h, and then stained with
FDA/PI to differentiate between live and dead cells. In the CPDA hydrogel, a significant cell
death (stained red) was observed, as compared to the viable cells (green) (Figure. 5.12A). The
viability of the bacteria confirmed by checking the optical density drastically reduced after
being exposed to the CPDA hydrogel for 24 h as compared to control as shown in (Figure.

5.12B).
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Figure 5.12: Antimicrobial activity of CPDA hydrogel; (A) Live/dead assay of the bacteria seeded

on the control hydrogels (A1-A2) and CPDA-hydrogel (A3-A4). Scale bar represents 50 um; (B)
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Optical density at 600 nm (post 24 h exposure to respective hydrogels). Data is represented as mean +

SD (n = 3). ***P < 0.001

The morphology of the bacteria in contact with the control and CPDA hydrogel was assessed
using FE-SEM (Figure. 5.13). In comparison to the bacteria in contact with the control gel, the
bacteria in contact with the CPDA-hydrogel displayed cell wall destruction. As the results are
similar to the reported observation [50, 51], it can be concluded that the anti-bacterial activity

observed in the CPDA-hydrogel is on account of PDA.

Control

Figure 5.13: SEM analysis of bacterial morphology: FESEM images of bacteria seeded on the
Control hydrogel and CPDA hydrogel. Yellow arrows indicate the bacterial wall disruption. Scale bar

represents 1pm.

5.3.11 Effect of the dressing on wound healing: Although ES and hydrogels per se

have been reported to aid wound healing, however their combined response in wounds is not
known. Whereas the mechanism involved in both the modes of treatment are different [52], it
can be proposed that the outcome would be further improved if both such approaches are
combined. The efficacy of the developed PTENG wound dressing was evaluated using a full
thickness skin excisional wound model as such wounds are difficult to heal. The excised
wounds were covered either with a commercially available standard wound dressing
(Tegaderm), CPDA hydrogel or the PTENG dressing respectively and visualized on regular

basis. It can be seen from Figure. 5.14 A that the wound area in all the three groups decreased
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gradually with time, with the rate of wound closure being the fastest in the wounds covered
with the PTENG dressing. The improved healing observed in the hydrogel-treated wounds, as
compared to Tegaderm reiterated the potential of the CPDA hydrogel to aid tissue repair [16].
Quantitative analysis of the wounds, revealed a significant increase in the rate of closure of
wounds covered with the PTENG dressing as compared to the CPDA hydrogel alone. The
results confirmed that the electrical activity induced through the activation of PTENG during

physical activity facilitated faster healing (Figure. 5.14 B).
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Figure 5.14: In vivo wound healing studies (A) Representative images of the wounds at day 1, 3, 7
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H&E sections obtained from the respective wound area on day 14 revealed the internal
organization of the cells (Figure 5.15 A&B). The control group revealed extensive cellular
activity suggesting the formation of granulation tissue. In contrast, the wounds treated with
both the CPDA hydrogel and the PTENG dressing, displayed minimal cellular activity,
suggesting completion of the granulation tissue formation and the initiation of tissue
remodeling [53]. In comparison to the hydrogel treatment, the wounds treated with the PTENG

dressing revealed a dense connective tissue and multi-layered epithelium (marked by arrow).
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In addition, the presence of hair follicles in the dermis of the wounds covered with PTENG
dressing indicated advanced healing. Further CD-31, a marker of endothelial cells was used to
analyse the regeneration of blood vessels (Figure. 5.15 C). In comparison to control and
hydrogel treated wounds, the number of CD-31 positive cells was remarkably higher in the
wounds covered with PTENG dressing, implying the improved vascularization was a
consequence of ES. In addition to the regeneration of blood vessels, epithelialization of the
wounds was confirmed using cytokeratin antibody Figure. 5.15 D). Whereas epithelization was
complete in both the hydrogel and PTENG dressing treated wounds, the presence of a well-
defined multilayer epithelium in the wounds covered with PTENG dressing, confirmed the
completion of the epidermal construction, while it was progressing in the case of hydrogel
covered wounds. The above results suggest that PTENG promoted wound healing through the

combined beneficial effects of moist wound healing along with ES.
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Figure 5.15 H&E and Immuno-histological analysis. A&B. H&E-stained sections of respective
wounds. A Images of the wound area (10X), Scale bar represents 400 um; B. Magnified images of the
respective boxed area (20X). Scale bar indicates 200 um; C. Endothelial cells identified red with CD-
31 antibody; D. Epithelial cells identified with cytokeratin staining. Yellow arrows indicate epithelial

cells. Scale bar represents 100 pm.

5.4 Conclusion:
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Schematic representation of wound healing mechanism by PTENG wound dressing

In summary, we have developed a self-powered, wearable, multifunctional, adhesive,
antibacterial dressing for encouraging the repair of wounds with healing deficiency. The
rheological and good mechanical properties of the hydrogel will enable it to provide protection
to the underlying wound and withstand the mobility challenges that face existing diabetic foot
ulcer dressings. The optimal fluid handling property of the hydrogel component of the PTENG
dressing can provide a moist wound environment to facilitate autolytic debridement. Its
application as an epidermal sensor and electrode is facilitated by the high conductivity enabled
by the presence of carbonized PDA nano sheets in the hydrogel. The biocompatible PTENG
dressing promoted fibroblasts proliferation and endothelial network formation. Evidence of
accelerated wound healing through faster wound closure, reepithelialization, regeneration of
blood vessels and follicles proved that the PTENG dressing promoted healing using a
combination of moist wound dressing and ES. Our approach thus provides a user friendly,
patient compliant wound dressing to encourage the healing of chronic wounds like the diabetic

foot ulcers.
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6.1 Conclusion

Over the last couple of decades, elaborative studies have been performed on CBNs as one of
the most popular and useful class of smart nanomaterials. Carbon nanomaterials serve as an
excellent candidate in the field of material sciences because of their inherent optical, electrical,
mechanical and electrochemical properties. Moreover, these materials have high surface area,
versatile size and shapes which is responsible for their widespread usage in biomedical

applications.

The surface of carbon based nanomaterials can be easily functionalised with different
molecules (inorganic/organic) to obtain modified carbon nanostructures with improved
physicochemical properties, excellent biocompatibility and enhanced biological activity.
Owing to its nano dimensions, these materials can easily penetrate biological membranes to
exert the desired biological effect. In this thesis, I have tried to develop carbon based bioactive

nanomaterials and explored their applications in anti-cancer and wound healing.

In my first study, I had explored the biological activity of carbon dots derived from curcumin
(CurCD). Curcumin is a well-known therapeutic molecule obtained from Curcuma longa. Its
pleiotropic activity is reported to be effective against multiple disorders. Despite its promising
effect, curcumin had failed in clinical trials due to its low solubility, stability and poor
bioavailability. The as-synthesised CurCD had shown improved aqueous solubility, high
biocompatibility and enhanced fluorescence as compared to the parent compound curcumin. In
addition to this, CurCD had displayed selective actin binding phenomenon which can be
exploited for bioimaging or actin specific drug delivery applications. In order to check the
inherent therapeutic response retained by CurCD, its anti-cancer activity was checked using
glioblastoma cells and compared with curcumin. CurCD exhibited comparable/enhanced

anticancer activity in the in vitro cancer models.
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After confirming the inherent or retained biological response of CurCD was similar to
curcumin even after carbonization, I explored the hormetic activity of CurCD by taking wound
healing, as a model. Curcumin is known to show wound healing effect at lower concentrations
and anti-proliferative activity at higher concentrations. In the previous study, higher
concentration of CurCD was used for anti-cancer activity against glioma cells. When CurCD
was used at lower concentrations, it had superior proliferative, pro-angiogenic and anti-
bacterial activity. Due to its small size and faster excretion from the biological system, a
delivery system was needed for the topical application of carbon dots for wound healing
activity. To overcome this limitation, I designed a protease responsive hydrogel for the
sustained delivery of CurCD at the site of wound. A comparative study using a skin excision
model revealed that CurCD-crosslinked hydrogel supported faster healing with improved

angiogenesis and epidermal restoration, as compared to curcumin alone.

Carbon dots are being used for various healthcare applications like bioimaging, tissue
regeneration, drug delivery, anticancer therapies and as theranostics. In such applications, the
carbon dots are administered to the biological system via intravenous route. Such in-vivo
administration of the CD would lead to its exposure to the endothelial cells (ECs) that line the
lumen of blood vessels. There are no reports of the response of endothelial cells to the CD. To
evaluate the response, I had used an extensively reported carbon dot synthesised from citric
acid and urea (CD-urea) for exploring its interaction with the endothelial system. CD-urea had
shown an increase in angiogenesis both in the in vitro and ex vivo models, suggesting the
importance of evaluating the response of carbon nanomaterials with the endothelial cells prior
to in vivo applications as angiogenic response is beneficial in some conditions (wound healing,

ischemia etc) while such a response would be detrimental in conditions such as cancers.

In my last part of the thesis, I developed a wearable bioelectronics device for the healing of
chronic wounds like diabetic foot ulcers. For this, carbon-based nanomaterial (carbonised
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polydopamine) was utilized in the making of a conductive hydrogel and a nanocomposite was
developed by coupling the conductive hydrogel with an electroactive PVDF membrane. In this
composite, CPDA hydrogel act as an electrode whereas the PVDF membrane provided the
piezo-response. The PVDF in combination with the hydrogel was capable of providing the
electrical stimulus to the underlying wound by serving as a piezoelectric driven triboelectric
nanogenerator (PTENG). In vitro studies revealed that PTENG dressing was able to support
the proliferation of fibroblasts cells and also provided directional cues to the endothelial cells
which aids in the process of network formation known as angiogenesis. The in vivo wound
healing efficiency of the dressing was confirmed by using an excisional skin wound model.
The electrical stimulation and moist wound environment provided by the PTENG dressing
resulted in complete restoration of epithelium, improved neovascularisation and remodelling

of wounds.

To summarise

1. T have been able to synthesise and explore the bioactivity of carbon based
nanomaterials for antitumor and wound healing therapies. The economical synthetic
process, as well as the bioactivity of these materials make them as promising candidates
in the field of medicine.

2. It is evident from the above studies that these materials possess excellent mechanical
strength, bioactive nature and exceptional optical properties which makes them useful
in versatile applications like drug delivery agents, bioimaging probes or scaffolds for
tissue regeneration.

3. While the first part of work represents a promising approach to generate molecules with
improved biophysical properties from plats derived molecules, which otherwise have
limitations, the later part of my work demonstrates a potential device developed with
nanomaterials for addressing chronic wounds.
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6.2 Future prospective

Carbon based nanomaterials are developing as a new generation of smart structures which are
versatile, biocompatible and possess excellent mechanical strength. In the last two decades,
intensive research on carbon nanomaterials has shown the selectivity, specificity of these
nanostructures for healthcare applications. As a result, they are extensively applied in drug
delivery systems, cell-based sensors and in scaffolds for tissue regeneration. Despite their
usefulness, there are muiltiple challenges that must be resolved before their translation into

clinical applications.
Challenges that need to be addressed

i. Consistency and scalability of the carbonised materials should be achieved for the
development of technology.
ii. Extensive evaluation of the materials in the in vivo models to check their long-term

effect on the biological system.
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