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ABSTRACT:
Background:

Carbon nanodots (CNDs) are nanoscale carbon-based particles known for their small size
(typically less than 10 nm), excellent biocompatibility, low toxicity, and strong
photoluminescence. Chitosan, a biopolymer derived from chitin, is notable for its
biocompatibility, biodegradability, and ability to enhance drug solubility and permeability. In
drug delivery, it is possible to use CNDs as fluorescent signals for tracking the delivery
process, while chitosan serves as a versatile carrier that can encapsulate drugs, facilitate their
controlled release, and enhance cellular uptake due to its mucoadhesive properties. Together,
they form an effective composite for targeted drug delivery systems, combining the imaging
capabilities of CNDs with the drug-carrying and release properties of chitosan, potentially

improving therapeutic outcomes.
Methodology:

Algae extract was used for the synthesis of carbon nanodots using hydrothermal method where
algal biomass served as carbon precursor for the synthesis carbon nanodots. The synthesized
carbon dots were studied by imaging microscopy, XRD, EDS, and FTIR in addition to scanning
electron microscopy and ultraviolet-visible spectroscopy. Chitosan was mixed with 2:3
solution of acetic acid and glycerol and carbon nanodots were mixed in this solution during
gelation process. The resulting gel was characterised by swelling and degradation studies and

drug release studies were performed using UV-Vis Spectroscopy.
Results:

UV-Vis analysis revealed the distinct peak at 264nm attributed to Carbon nanodots whereas
SEM analysis demonstrated the characteristic morphology of carbon nanodots with spherical
shapes and some agglomeration. FTIR spectra of carbon nanodots confirmed presence of
similar peaks when compared to algal strain with difference in intensity of peaks. Swelling
studies suggested that with increase in concentration of carbon nanodots swelling properties
are reduced. Degradation studies suggested that with gel with increased carbon nanodots
concentration were less prone to degradation. Drug loading and releasing properties of
hydrogel using Vancomycin as model drug were performed at different two different pH. Drug

releasing properties were greatly enhanced in 2 pH conditions as compared to 7.4 pH.
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Conclusion:

The finding suggested carbon nanodots incorporated chitosan gel could be used as possible

strategy for drug delivery of drugs that have poor absorptions in gastrointestinal tract.
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Chapter 1

INTRODUCTION

1.1 Carbon Nanodots:

Nanoparticles, typically measuring between 1 nm and 100 nm, display markedly different
properties than larger-scale materials (Simpson, 2015). Their increased surface area to volume
ratio significantly enhances their optical, physical, and chemical attributes. For instance, gold
nanoparticles in an aqueous solution appear red, which is a stark contrast to the gold color seen
in jewelry (Simpson, 2015). Unlike the heavy metals found in semiconductor quantum dots,
carbon is generally considered non-toxic. Studies on carbon dots have shown that they possess
a conjugated system featuring both sp2 and sp3 hybridized carbon structures and oxygen-
containing functional groups (Sawant & Bamane, 2016a). These carbon dots exhibit
fluorescence similar to that of semiconductor quantum dots, but with notable differences.
Semiconductor quantum dots have diameters close to the Bohr exciton radius, causing a
guantum confinement effect that leads to size-dependent fluorescence (Hines & Kamat, 2014).
Conversely, the fluorescence of carbon dots is not strictly size-dependent. For instance, Zuo et
al. (2014) synthesized carbon dots around 120 nm in size, which displayed emission spectra
similar to carbon dots of approximately 10 nm. Typically, carbon dots exhibit broad emission

peaks ranging from blue to near-infrared when excited with UV light(Dong et al., 2014).

Various top-down techniques have been developed to produce luminescent carbon nanodots
since their first discovery. Some of the approaches include electro-oxidation, acid-assisted
chemical oxidation, graphite laser ablation, and the use of lampblack or candle soot as
precursors. Despite their effectiveness, these techniques often require harsh chemicals, involve
complex multi-step processes, necessitate toxic reagents, and need specialized equipment (Zuo
etal., 2014).

On the other hand, bottom-up methods for carbon dot synthesis are often described in the
literature as being simpler, more cost-effective, and environmentally friendly. These methods
typically utilize substances like glucose, glycol, sucrose, glycerol, and citric acid to produce
carbon dots through hydrothermal treatment (Xiaoming Li et al., 2015), microwave-assisted
techniques, and thermal decomposition. Recently, there has been a growing trend toward using
natural resources for carbon dot synthesis via hydrothermal carbonization. These methods are
not only simple, cost-effective, and environmentally friendly but also yield carbon dots with

excellent photoluminescent properties and high quantum vyield. Examples include using



materials such as orange peels, soy milk, milk, pomegranate (Kasibabu et al., 2015), and gram
seeds (Das et al., 2017).

Due to their good photostability and biocompatibility, carbon dots have been utilized by
various research groups for bioimaging applications (Esteves da Silva & Gongcalves, 2011).
Additionally, carbon dots have been conjugated with anticancer drugs to monitor drug
pathways and evaluate anticancer activity (Sachdev et al 2016). Moreover, some carbon dots
have demonstrated intrinsic anticancer activity, potentially eliminating the need for drug

conjugation (Hsu et al., 2013b).

With the growing interest in carbon nanomaterials, carbon nanodots (CNDs) have become a
significant focus of research. CNDs show great promise for various biomedical applications,
including therapy, imaging, and drug delivery. They can function as contrast agents, helping to
assess biodistribution and biocompatibility prior to clinical use. Compared to other carbon
nanomaterials, CNDs offer several advantages, such as enhanced biocompatibility, reduced
toxicity, and environmental friendliness. Furthermore, the photophysical and chemical
properties of CNDs, such as their size and shape, can be tailored to improve their
biocompatibility and targeting capabilities. This adaptability enhances their selectivity and
sensitivity, expanding their range of applications. Additionally, carbon nanomaterials can be
engineered to innovate therapeutics and boost drug targeting efficiency (Mohd Sameer et al.,
2023).

1.2 Hydrogels:

Hydrogels are polymer networks that have been cross-linked and include many hydrophilic
groups or domains. The networks exhibit high hydrophobicity and adhere strongly due to the
intermolecular bonds formed between the polymer chains. Hydrogels undergo expansion and
assume their characteristic form when they come into contact with water. Once hydrogels reach
their maximum volume, they acquire the properties of living tissues, such as a flexible and
elastic texture, and exhibit little stress at the interface when in contact with water or biological
fluids. Hydrated hydrogels alleviate post-implantation tissue pain due to their elastic properties.
The hydrogel surface's low interfacial tension with bodily fluids reduces both protein
adsorption and cell adhesion, hence minimizing the probability of adverse immunological

responses.



In addition, hydrogels are well-suited for drug delivery due to a number of their properties.
Polyacrylic acid (PAA), poly(2-hydroxyethyl methacrylate) (PHEMA), polyethylene glycol
(PEG), and polyvinyl alcohol (PVA) are all common polymers in hydrogels, and they all have
bioadhesive and mucoadhesive properties. Both the drug's solubility and its ability to cross
blood-tissue barriers are enhanced by these features. The hydrogel's sticky quality comes from
the fact that its functional groups form inter-chain bridges with mucus glycoproteins. This

enables specific binding to organs such the vagina, nose, and colon.

Hydrogels exhibit variable dimensions, ranging from nanometers to centimeters in width, and
possess notable deformability, enabling them to conform to the contours of their surroundings.
Furthermore, owing to their physiochemical resemblance to the native extracellular matrix—
both in composition (e.g., glycosaminoglycans) and mechanical properties—hydrogels can
fulfill dual roles. They can serve as supportive scaffolds for cells during tissue regeneration

while facilitating the delivery of therapeutic agents (Narayan Bhattarai et al., 2010).

Highly hydrated, hydrogels are crafted from cross-linked polymers, facilitating sustained,
localized delivery of diverse therapeutic agents. The utilization of chitosan, a natural polymer,
in hydrogel formulations has garnered significant attention due to its biocompatibility, low
toxicity, and biodegradability. The advancement of chitosan-based hydrogels has paved the
way for novel drug delivery systems capable of releasing payloads in response to various
environmental cues. Additionally, thermosensitive hydrogel variants have emerged, allowing
for in situ formation of chitosan hydrogels, eliminating the need for surgical implantation. The
development of these intelligent drug delivery platforms necessitates a profound understanding
of the chemical and physical attributes of chitosan-based hydrogels, as well as the

characteristics of the therapeutics being delivered (Narayan Bhattarai et al., 2010).

1.3 Drug Delivery System:

Drug delivery systems have evolved significantly, transitioning from conventional methods
like pills and injections to advanced systems designed for targeted and controlled release of
therapeutics. Traditional approaches often suffer from limitations such as poor bioavailability,
frequent dosing requirements, and systemic side effects. To overcome these challenges,
modern drug delivery technologies, including nanoparticles, liposomes, and biodegradable
polymers, have been developed. These systems enhance the precision and efficiency of drug

administration, ensuring that medications reach specific sites within the body and release their



active ingredients at a controlled rate. This approach minimizes side effects and improves
therapeutic outcomes, particularly in treating chronic diseases and cancers (Xiaoxiao Cheng et
al 2023).

Vancomycin, a glycopeptide antibiotic, is often used to treat severe bacterial infections caused
by Gram-positive organisms, including methicillin-resistant Staphylococcus aureus (MRSA).
It is a crucial medicine in the fight against antibiotic-resistant infections since it inhibits
bacterial cell wall synthesis. However, vancomycin's effectiveness can be limited by poor oral
bioavailability and the need for intravenous administration. This has spurred research into
advanced delivery systems, such as encapsulating vancomycin in nanoparticles or liposomes,
to enhance its stability, target infection sites more effectively, and reduce toxicity. These
innovations aim to improve patient outcomes by optimizing drug release and minimizing

adverse effects (Xiaoxiao Cheng et al 2023).

The researchers used Pectinodesmus sp., a species of microalgae found in freshwater, for their
study. Algae are capable of producing several nutraceuticals, including lipids, minerals,
vitamins, proteins, and polysaccharides. Baky and El-Baroty (2013) reported that algae contain
bioactive compounds with notable properties that might potentially be used in the treatment of
cancer, inflammation, oxidative stress, and other age-related diseases. The work used a green
hydrothermal carbonization method to generate carbon nanodots (CA-PHM3) from the algae

strain Pectinodesmus sp.

A comparative study of Carbon nano dots and Chitosan hydrogel properties was carried out to

achieve the following objectives:
1. To synthesis carbon nanodots through hydrothermal process
2. To Incorporate carbon nanodots into chitosan matrix

3. To investigate drug loading and releasing properties of chitosan gel



Chapter 2

LITERATURE REVIEW
2.1 Carbon nanodots Discovery:

Carbon nanodots were discovered accidentally during the process of electrophoretic distillation
of carbon nanotubes (SWCNTSs) by (Xu et al., 2004a). Besides single walled carbon nanotubes,
some fluorescent particles from crude were isolated as an impurity. These fractions show
yellow, orange, and green-blue light (500-600nm) when exposed to 365nm. Those showing
orange color had a size of 18nm and when analyzed via FTIR revealed the existence of multiple

carboxylic groups.

2.2 Synthesis of carbon:

There are two main approaches that can be used for synthesis of carbon nanodots:

e Top-Down Approach: involves oxidation of larger graphite particles into smaller

carbon nano particles using powerful techniques.

e Bottom-Up Approach: involves the use of methods like condensation and

carbonization upon different carbon sources.

Top-down Dt 00500, U A~y
aporoach S VLY )= Oxidative TLeyYD o »
pp 7 a® _bcumng NSO S ota®
Graphene Graphene Quantum Dots (GQDs)
Carbon dots (C-dots)

j\oj/\oiﬁ\ Carbonization . ’

Bottom-up HO OH OH .

approach ex. Citrlc acid Carbon nanodots (CNDs)

Small carbonaceous precursor

Figure 1: Two main approaches (i.e., Top-down, and Bottom-up) that can be used for the
synthesis of carbon nanodots (Hea Yeom, n.d.). Top-down approaches involve breakdown of
larger carbon structures to smaller ones while Bottom-up approach involves processes like

condensation and carbonization.



2.2.1 Top-Down Approaches for Synthesis of Carbon Nanodots:

Top-down approaches for synthesizing carbon nanodots include following:

2.2.1.1 Laser Ablation:

Laser ablation involves synthesizing carbon dots from bulky materials of carbon (S.-L. Hu et
al., 2009) reported such a technique for synthesis, by exposing a solution of carbon material in
an organic solvent to laser radiation. During this, the photoluminescent origin was attributed to
the functional groups on the surface of carbon nanodots. They also proposed that the
fluorescence emission can also be changed by doing some modifications on the surface
functional groups that can be performed by using different types of organic solvents. Another
approach for luminescent dots synthesis was proposed by (Xiangyou Li et al., 2011) in which
nanocarbon was used as a solvent. The process starts with dissolution of 0.02g of nanocarbon
50ml of solvent i.e., acetone, ethanol or water. This mixture was then ultrasonicated.
Afterwards a 4ml of suspension was taken and then subjected to laser irradiation. After
irradiation the solution was centrifuged in order to separate supernatant containing fluorescent
carbon dots. The surface chemistry of carbon nanodots highly depends on the organic solvent

in which the carbon material was prepared.

2.2.1.2 Electrochemical Carbonization:

Electrochemical carbonization serves as another important top-down technique to synthesize
carbon dots from bulky carbon material. Literature provides some information regarding the
synthesizing carbon dots using this approach for example, (J. Deng et al., 2014) describes the
synthesis of carbon dots through the process of electrochemical carbonization alcohols having
small molecular weight. The study involved use of two Pt (platinum) sheets as auxiliary and
working electrode while another calomel electrode was freely adjusted and used as a reference.
In the process different alcohols were converted into carbon dots. The carbon dots synthesized
by the mentioned routes had an increased degree of graphitization along with an increasing
applied potential.

2.2.1.3 Exfoliation of Carbon Soot:

Another top-down technique for preparation of carbon dots is incomplete combustion of
candle, lamps, and plants like, (H. Liu, Ye, & Mao, 2007) reported the synthesis of carbon dots
from candle soot, which had a high stability that lasted for several months. The surface of these
carbon dots had carboxylic acid groups which allowed bonding with biomacromolecules via

hydrogen bonding and other electrostatic interactions. Wei et al., 2013 proposed the method
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for synthesizing carbon dots from paper ash, by a simple and environmentally friendly
procedure. Paper ash was dispersed in deionized water followed by the process of filtration.
After that centrifugation was performed in order to separate the supernatant which was further
dialyzed against pure distilled water for separating any impurities or any inorganic ions. A
transparent solution was obtained at this point which contained carbon dots. Carbon dots

prepared from this paper ash had an average diameter of 3nm.

2.2.2 Bottom-up Approaches for Synthesis of Carbon nanodots:

Top-down approaches are powerful yet very common. However, they do have some
disadvantages like the use of expensive reagents and complicated instrumentation in the
majority of the cases. Bottom-up approaches seem much more attractive because of their low

cost and low temperature while requiring less instrumental setup.

2.3.2.1 Pyrolysis:

Pyrolysis is a very simple yet a promising method for preparation of carbon dots. Wang et al.,
2010 used the same method in preparing oil and water-soluble carbon dots by simply changing
the reaction solvent during pyrolysis. In a study lead by ( R. Liu et al., 2013) carbon dots were
prepared using poly-ethylene glycol (PEG) in one step by sodium hydroxide-assisted reflux
treatment. The carbon dots blue luminescent was so strong to be visible by naked eye. Carbon

dots had a spherical shape with an average diameter of 5nm.

2.3.2.2 Microwave Assisted Approach:

This approach offers an efficient energy but an intensive microwave treatment which greatly
reduces the reaction time for example, (Chowdhury, Gogoi, & Majumdar, 2012) synthesized
carbon dots from chitosan gel using this process. The dimensions of these carbon dots ranged
from 0.6-8.7nm. The photoluminescent spectra showed an excitation dependent emission
behavior. Mitra et al., 2012 used polyoxyethylene-polyoxypropylene-polyoxyethylene (PEO-
PPO-PEO) block co-polymer pluronic F-68 (PF-68) and o-phosphoric acid to prepare carbon
nanodots by microwave aided process within just a few minutes. The maximum PL intensity
for these carbon nanodots was obtained with an excitation wavelength of 380nm. Its smission
spectra showed a bathochromic shift with a decreasing intensity while an increase in excitation
energy. The carbon particles obtained had a spherical morphology with size range of 5nm-
20nm.



2.3.2.3 Hydrothermal Method:

The hydrothermal method offers a greater advantage as a variety of carbon sources can be used
as a precursor and is a greener process for synthesis of carbon nanodots can be achieved. In
procedure a carbon source (dried organic material form plat usually) is transferred to a Teflon
lined stainless steel autoclave and heated at a range in between 180-240°C for hours. During
the high heat and pressure treatment the solution changes its color from colorless to brown
which indicates that the reaction is completed. This method avoids multistep passivation,
complex instrumentation and expensive reagents. Zhu et al., 2012 described the hydrothermal
treatment of soy milk for synthesizing carbon dots which had a brilliant water solubility and
also displayed a blue color under UV-lamp (365nm). Similarly, (Sahu, Behera, Maiti, &
Mohapatra, 2012) used hydrothermal carbonization on orange juice for synthesis of carbon
dots at a low temperature (i.e.,120°C). In a lesser time (i.e., 150 min) green, fluorescent carbon
dots were obtained with spherical morphology that have an average size that ranged from 1.5
to 4.5nm. Fluorescence producing carbon nanodots had also been synthesized via hydrothermal
treatment of ethylenediamine and citric acid by (S. Zhu et al., 2013a). Carbon dots formed were

amorphous (i.e., without any lattices) but had a high quantum yield.

2.2 Carbon dots incorporation into Chitosan Hydrogel:

In the work by Konwar, A., Gogoi, N., Majumdar, G., et al. (2015), chitosan hydrogels were
incorporated with carbon nanodots made by hydrothermal carbonization of a green source i.e.,
Tea. The chitosan's positive charge and the carbon nanoparticles' negative charge interact
electrostatically. As a result, a stable and strong nanocomposite hydrogel of chitosan and
carbon dots was formed. Subsequently, thermogravimetric analysis, ultraviolet-visible
spectroscopy, scanning electron microscopy, XRD, FTIR, and contact angle analysis were used
to describe this hydrogel. The gel outperformed chitosan hydrogel film in terms of mechanical,
thermal, swelling, and UV-visible blocking qualities, as well as being a soft material with
robust characteristics. A higher contact angle value for the hydrogels containing chitosan and

carbon dots suggests that they are hydrophobic, or resistant to water.

2.3 Drug Delivery properties of CQD:

Researchers Konwar et al. found that aloe vera leaves had bright carbon dots (2015). The

formed carbon quantum dots were structurally analyzed using methods such as fluorescence



spectroscopy, X-ray photoelectron spectroscopy (XPS), surface polarity, hydrodynamic
diameter, Fourier transform infrared spectroscopy (FTIR), Raman, and high resolution
transmission electron microscopy (HRTEM). Their high water dispersibility and lack of
cytotoxicity inspired their incorporation into a calcium alginate hydrogel film for the purpose
of regulating the gastrointestinal (GI) tract delivery of the glycopeptide antibiotic vancomycin.
Adding carbon dots increased the drug loading capacity from 38% to 89%. When B-
cyclodextrin (B-CD) was loaded with Vancomycin, the drug loading capacity of the latter was
increased to 96% with the addition of carbon dots. At a pH of 1.5, which is comparable to the
pH of the stomach (1-2), vancomycin was released most efficiently. Nevertheless, the release
was decreased to 56% during the subsequent 120 hours when B-cyclodextrin (B-CD) was
added. Because of its high loading capacity and slow release, this feature may find use in drug
delivery systems.

Graphene Quantum dots were prepared using citric acid (Sheng, Y., Dai, W., Gao, J., Li, H.,
Tan, W., Wang, J., Deng, L., Kong, Y. (2020)). These graphene dots were used for loading
cytarabine (hydrophilic). The dug was wrapped in chitosan hydrogel to ensure encapsulation
of loaded cytarabine (Cyt). By the use of chitosan hydrogel, the stability of graphene dots
increased significantly which can be due to inhibited agglomeration of Graphene dots by the
Chitosan hydrogels. Also, the release of Cyt from the developed carrier was also effectively
relieved by the chitosan coating. As amide reaction was responsible for incorporation of Cyt
into Graphene dots , the hydrolysis of amide linkages was responsible for pH sensitive delivery

of cytarabine (Cyt).
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Figure 2: Show the Drug loading and drug release of Cyt on the Hydrogel. The amide linkages
formed between graphene dots and cytarabine (Cyt) are responsible for loading and holding the drug
into the gel. As the pH changes, the already formed amide bonds break hence releasing the drug from

the hydrogel
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Chapter 3
MATERIALS AND METHODS

3.1 Hydrothermal Synthesis of Carbon nanodots:

Cultivating of microalgae Pectinodesmus alga strain LC159307 previously identified and
collected by (Khalid et al., 2017) and then was cultured in liquid BBM Bold basal media. The
media was poured in the Flasks/Bottles that contained microalgal inoculum. A fluorescent,
white tube-light with 100 umol of photons ms™ was used with a 25-hour light cycle along
with ensuring continuous aeration by including air pumps in the setup. The culture was
maintained at temperature at 26-28 °C for 14 days. Algae was harvested and transferred into
petri dishes. The algae were dried using a drying oven set to 60°C temperature. The dried algae
were scratched microalgae on petri plate with scapula Grinding microalgae with motor and

pestle into dried fine powder like material microalgae.

Figure 3 Pectinodesmas Cultivation at 26-280C at given light intensity
for 14 days in BBM Media. Proper aeration and light intensity is
ensured to obtain a good yield of strain for the experiment.

1g from powdered dry algal mass was then dissolved in 50ml of distilled water at a temperature
ranging from 50 to 60°C along with continuous stirring for about 10 to 15 minutes on a
magnetic stirrer. The greenish solution obtained was then transferred into Teflon autoclave
chamber and sealed properly to avoid leakage, autoclave was then placed in the heating oven
that was pre-heated at 200°C. The reaction was allowed to be completed in 3 hr. Once the



reaction is completed, the autoclave is left to cool at room temperature. The resulting dark
brownish solution obtained was then undergone through centrifugation at 16000rpm for 30min
to eliminate any larger impurities that might have formed during the carbonization process.
After centrifugation was completed, the supernatant was collected, and using syringe filter
(0.22um) any further large size particles were removed resulting in a dark brown solution

obtained that contained Carbon nanodots (CN).

Figure 4: Algal Carbon Dots that are formed showed bright Blue Glow under
UV Transilluminator which is an indication of carbon material present.

3.2 Chitosan Hydrogel Formation:

A straightforward procedure was used to create the chitosan hydrogel film (Konwar et al.,
2015):

1. A solution was made by mixing 0.1 M acetic acid with stock glycerol, which is two parts
glycerol and three parts acetic acid (2:3).

2. At room temperature for 2 hours, a magnetic stirrer was used to mix 0.1 g of chitosan with
10 ml of the solution that had been made earlier. This made sure that the powdered chitosan
dissolved completely in the specified liquid.

3. To neutralize the aforementioned combination, a 5 N sodium hydroxide (NaOH) solution
was added dropwise while stirring continuously. This not only neutralizes the acid, but it also

12



distributes the NaOH properly inside the preceding (if added earlier, it would induce foam
formation).

4. An opaque, milky, sticky gel was produced at the neutralization point. To get rid of any
unreacted monomer, the produced gel was rinsed with Millipore water many times.

5. A hydrogel film containing nanocomposite chitosan carbon dots was produced using the
same method as hydrogels containing chitosan. In this case, in addition to the chitosan and
"acetic acid: glycerol” combination, a weight percentage of 30% algal CDs was also added.
Our preferred option is the fact that acetic acid is soluble in chitosan was considered while
choosing carbon dots. After that, the solutions were left to mix at room temperature for two
hours using a magnetic stirrer. To prevent foaming, carbon dots were added during the final
half an hour of stirring. After that, the gel is neutralized with 5 N NaOH.

6. The hydrogel is washed many times with Millipore water to remove any unreacted
monomers. Then, the gels are cast on glass plates and let to cure at room temperature for 24
hours.

Figure 5: (A) Chitosan Hydrogel without Carbon Dots (B) Chitosan Hydrogel with Carbon Dots (C)
Chitosan Hydrogel with Carbon Dots (under UV Light)
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3.3 Graphical Methodology:

3.3.1 Synthesis of Carbon Nanodots:

Pectinodesmus sp. Strain (PHM3)
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Figure 6 Explains the process of formation of carbon nanodots from algae as a raw material through

a series of steps until the final stock solution of carbon dots is obtained (Created with BioRender.com)

3.3.2 Formation of Chitosan Hydrogel:
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Figure 7 Explains the process of synthesis process of chitosan hydrogel using a starter mixture of
glycerol : acetic acid” (2:3) through a series of steps till the formation of solid translucent gel with
specific properties (Created with BioRender.com)
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3.4 Characterization of Carbon Nanodots:

3.4.1 Scanning electron microscopy (SEM):

Carbon nanodots morphology was analyzed using SEM (Joel JISM-6490LA).

3.4.1.1 Sample Preparation:

For SEM analysis, a drop of carbon nanodots of PHM3 algae was diluted up to tenfold in water.
It was then sonicated in an Eppendorf tube using an ultrasonicator (Cole-Parmer) for 20
minutes to disperse the particles evenly and break up any agglomerates. Subsequently, a drop
of the dispersion was placed onto a 1cmx1cm slide using a micropipette and dried in a drying
oven at 50°C for one hour. Following this, the sample underwent gold coating using a sputter
coater to ensure surface conductivity. The coated samples were then mounted onto stubs using
conductive tape and subjected to scanning electron microscopy (SEM) at 20eV, with varying
magnifications of 50,000X and 100,000X.

3.4.2 Energy Dispersive X-ray Spectroscopy (EDX or EDS):

EDX analysis was conducted concurrently with SEM to ascertain the elemental composition

of carbon nanodots.

3.4.2.1 Sample Preparation:

To prepare the sample, a droplet of carbon nanodots of PHM3 was dried on a glass slide in an
oven for 10-15 minutes. EDS analysis of the sample was conducted at 20eV with a probe
current of ImA to detect the presence of carbon nanodots.

3.4.3 Fourier Transform Infrared Spectroscopy (FTIR):

The functional groups on the surface of carbon nanodots were assessed using the Perkin-Elmer

Spectrum-100 spectrometer.

3.4.3.1 Sample Preparation:

FTIR measurements were performed with the Perkin-Elmer Spectrum-100 spectrometer,
covering a wavelength range from 450 to 4000 cm™'. Two samples, namely carbon nanodots
of PHM3 and the PHM3 algal strain, were analyzed. Due to its hygroscopic nature, KBr was
utilized for sample preparation. For both of carbon nanodots of PHM3 and the PHM3 algal
strain, concentrated solutions were first centrifuged to obtain pellets. These pellets were then
used to create KBr pellets using a hydraulic press. The pellets were placed in the IR chamber

where infrared rays were directed onto them.
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3.4.4 X-ray Diffraction Spectroscopy:
X-ray diffraction (XRD) is acknowledged as a highly effective technique for identifying the

crystalline phases within materials.

3.4.4.1 Sample Preparation:

A lyophilized sample of carbon nanodots was applied onto a glass microscope slide, which was
then inserted into the XRD chamber.

3.4.5 UV-Vis Analysis:

Utilizing a UV-VIS spectrophotometer, absorption spectra graphs were generated for the
solution containing CA (PHM3 algae) nanodots. The absorbance spectrum of the of carbon

nanodots of PHM3 was examined across wavelengths ranging from 200 to 900 nm.

3.4.5.1 Sample Preparation:

The solution containing CA (PHM3 algae) nanodots was subjected to ten minutes of sonication
in an ultrasonic bath to prepare the sample. Subsequently, the liquid solution of CA (PHM3
algae) nanodots was transferred into cuvettes and dispatched to the laboratory to obtain the

absorption spectrum of the nanodots.

3.4.5 Antibacterial Assay:

Antibacterial assays were conducted on four samples: chitosan hydrogel, CA (PHM3 algae)
nanodots, chitosan hydrogel with vancomycin (CAVC), and vancomycin alone, against both

the strains of bacteria, i.e., S. aureus and E. coli.

3.4.5.1 Bacterial Growth:

The E. coli and S. aureus bacteria, obtained from Ms. Hina at the UG Industrial lab, ASAB,
were revived from preserved glycerol stocks. The revival process took place in a clean, sterile
environment provided by a class 11l laminar flow cabinet. All equipment involved in handling

bacterial cultures underwent sterilization for 120 minutes in an autoclave.

3.4.5.2 Growth of S. aureus and E. coli:

Bacterial cultures of E. coli and S. aureus were initially revived on LB agar (Luria-Bertani).
LB agar was prepared by dissolving 14 grams of nutrient agar in 500 milliliters of distilled
water using a 100-milliliter Erlenmeyer flask. The nutrient agar was then heated in an autoclave
at 15 psi pressure for 120 minutes. To promote bacterial growth on solid media, LB agar was
dispensed into sterile petri dishes inside a laminar flow cabinet and allowed to solidify at room
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temperature. Meanwhile, the glycerol stocks of E. coli and S. aureus were kept on ice. A
streaking loop was sterilized in the Bunsen burner flame, and bacteria were streaked from
frozen cultures onto the petri plates in four quadrants. The streaked plates were subsequently
incubated at 37°C overnight to allow for growth.

3.4.5.3 Disk Diffusion Method:

The antibacterial efficacy of chitosan hydrogel, CA (PHM3 algae) nanodots, CAVC hydrogel,
and vancomycin was assessed using the disc diffusion method. A sterile cotton swab was
immersed in LB culture media and used to inoculate agar plates by streaking in a back-and-
forth motion. The plate was then rotated 45 degrees, and this process was repeated four times.
Discs approximately 6 mm in diameter were prepared from Whatman filter paper Grade 4 and
sterilized by autoclaving. These discs were then soaked overnight in a solution of CA (PHM3
algae) nanodots. A single disc was placed on the agar inoculated with the bacterium using a
sterile syringe. Additionally, 10 mm pieces of chitosan hydrogel and CAVC hydrogel were cut
and placed on the agar, acting as negative and positive controls, respectively. The plates were
incubated overnight at 37°C, and the diameters of the inhibition zones at various concentrations
were measured. Each experiment was performed in duplicate, with deionized water as the

negative control and ampicillin as the positive control.

3.4.6 Swelling and Degradation Studies:

In vitro swelling and degradation tests were performed at a physiological temperature of 37°C
and a pH of 7. Initially, samples were precisely weighed (Wi) and then immersed in 20 mL of
water. To measure the swelling ratio, samples were periodically taken out, blotted with filter
paper to remove excess surface water, and reweighed (Wt). Degradation was evaluated by
drying the samples in an oven at 50°C for two days, after which they were reweighed (Wt(d)).
The swelling ratio and degradation were calculated using the following equations:

Swelling ratio = Wt_—“_’i(d)
Wi
Degradation = - x 100%

Wi
3.4.7 Drug delivery studies:

3.4.7.1 Drug Loading (%0):

The PHM3 nanodots were investigated to check their release behaviour in-vitro. through

calculating the absorbance values using a UV-visible spectrophotometer, with vancomycin as
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the model drug. The drug loading capacity of the hydrogel was determined using the formula

by taking average of three values from this formula:

Drug loading (%) = % x 100%

where Waia and Whia denote the weight of the hydrogels after and before loading with the
vancomycin antibiotic, respectively. Subsequently, the dried hydrogels were immersed in 20

mL of double-distilled water to analyse their release profiles.

3.4.7.2 In-vitro Drug Release Studies:

After that, 30 mL of double-distilled water was added to the dried hydrogels so that we could
examine their release patterns. Two different pH values, 2 and 7.4, were used to test the
hydrogels' pH-responsive characteristics. To keep the volume constant for the UV-visible
spectroscopic observations, 3 mL aliquots were taken from the release media at regular
intervals and put back into the original medium after each experiment. Using UV-visible
absorption measurements at a wavelength of 281 nm for each sample, the cumulative
percentage of vancomycin released from the CAVC hydrogel was calculated.

3.4.7.3 Standard calibration curve for drug release profile:

A standard curve for vancomycin ranging from 5 to 0.25 mg/ml was established. To generate
the standard curve, a 1 mg/ml stock solution of vancomycin was prepared in a water solution
and serially diluted to obtain known concentrations. Each sample was then analyzed in a UV
spectrophotometer at 281 nm. Three measurements were taken, and average value was
calculated. A standard curve was generated. After this, the drug release % was calculated by

the use of this equation:

Concentration of vancomycin in sample aliquot

x 100

Drug Release Percentage " Concentration of vancomycin initially added
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Chapter 4

RESULTS:

4.1 SEM Analysis of (PHM3) Carbon Nanodots:

Nanodots Scanning electron microscope is a perfect technique to analyze morphology of

carbon nanodots. SEM image of (PHM3) carbon nanodots is shown in figure.

20kV  X100,000 0.1um 20kV  X30,000 0.5pum

Figure 8 (A) SEM analysis of (PHM3) Carbon Nanodots at X100,000 magnification displaying
average size of the carbon nanodots (18.6 nm). (B) SEM analysis of (PHM3) carbon nanodots at

X30,000 times magnification.

The SEM images showed that the sizes of all the carbon nanodots are in nano-range. It also

displays the spherical morphology of carbon nanodots.



4.2 EDX Results of (PHM3) Carbon Nanodots:

Using EDS, an elemental study of carbon nanodots was carried out to determine their elemental
makeup. Figure displays the EDX pattern of the nanodots of (PHM3) carbon nanodots.
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Figure 9 EDX pattern of CA (PHM3 algae) nanodots

The carbon content of (PHM3) carbon nanodots is high, with a weight percentage of 51.0%,
while the oxygen content is 49.0%, according to the EDX spectrum. This suggests that the
surface of the algae has been more heavily oxided. Moreover, no contaminants were

discovered.

4.3 FTIR Analysis of (PHM3) Carbon Nanodots:

FTIR analysis was used to examine the nanodots. The functional group modifications that
occur during the manufacture of (PHM3) carbon nanodots are shown in figure.

Concerning the algal strain depicted in Figure 4.7.5.1 (A), the peaks observed at 3421 cm™ and
2855 cm™! predominantly arise from the CH> antisymmetric stretching vibrations of methyl
groups, primarily found in lipids. Additionally, these peaks are attributed to the stretching
vibrations of N-H in proteins and O-H in carbohydrates, as documented by Bankoti et al.
(2017). Carbony!l groups v(C=0) are linked to the peak at 1748 cm™. A bond in an amide is
linked to the peak at wavenumber 1657cm™, whereas an amine 111 C-N bond is linked to the
peak at wavenumber 1465cm™ (Z. Yang et al., 2014). Similarly, functional groupings of

carbohydrates are linked to tiny peaks between 1200 and 726 cm™.
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Figure 10 FTIR analysis and surface chemistry of carbon nanodots: (A) FTIR spectra of PHM3 algal
strain and (B) FTIR spectra of CA (PHM3 algae) nanodots.

The FTIR spectra of the algal strain incorporated into CA (PHM3 algae) nanodots displayed
significant variations in peak positions and intensities compared to the original. For instance,
in Figure 4.7.5.1 (B), the peak observed at 3286 cm™! exhibited a notably reduced intensity,
indicating substantial consumption of O-H and N-H groups during the hydrothermal process.
A similar trend was observed for peaks at 2920 cm™ and 2852 cm™, suggesting a breakdown
of C-H bonds. Moreover, the intensity of carbonyl groups v(C=0) in CA (PHM3 algae)
nanodots was diminished, suggesting the cleavage of -COOH bonds in the hydrothermal

process.
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The stretching frequency of aromatic carbonyl groups' C=0 was connected with the peak at
1636 cm™', which was the location of the CA (PHM3 algae) nanodots' peak, but the aromatic
C=C bonds' peak was at 1440 cm™'. In addition, CA (PHM3 algae) nanodots showed the
appearance of a new peak at 1524 cm™', which was associated with the vibration and
deformation band of N-H and suggested the existence of functional groups containing amino

acids.

In addition, the dehydration process between carboxyl and amino groups was indicated by the
peak at 1370 cm™, which was connected with both C-N and N-H groups. This bond was
thought to be an amide bond. Increased oxidation was shown by the more prominent C-O bands
in CA (PHM3 algae) nanodots. The FTIR analysis showed that several parts of the PHM3 algae
strain, notably carbs and proteins, were involved in the CA nanodot production.

4.4 XRD Analysis of CA (PHM3 algae) nanodots:

X-ray crystallography was used to investigate the crystal structures of the nanodots. The XRD
pattern of CA (PHM3 algae) nanodots reveals the 002 diffraction patterns of graphitic carbon.
These patterns indicate an interlayer spacing distance of d002=0.36 nm, which is slightly larger
than the interlayer spacing distance of graphite (0.34 nm). Additionally, a broad peak is seen
at 20= 22°. The broader peak seen is indicative of poor crystallization because to the higher
interlayer gap. In addition, the graphene-like structures inside the CA (PHM3 algae) nanodots
exhibit in-plane diffraction, resulting in a distinct and precise peak at an angle of 44°. This peak

corresponds to the presence of 101 planes.

22



101

COUNTS
§

3
8-
8

[ r T T Ty ey e
E) £ © %0 ©

2-theta degree

Figure 11 XRD analysis of CA (PHM3 algae) carbon nanodots.

4.5 UV- Vis Spectrophotometry of PHM3 algae carbon nanodots:

The UV-Vis absorption vs wavelength graph of PHM3 algae carbon nanodots is displayed in
Figure 4. It has a broad peak in the 200400 nm range, with the greatest absorbance recorded

at 264 nm wavelength.

Figure 12 UV-Vis absorption versus wavelength graph of gold nanostars with a broad absorbance

peak at 664nm

4.6 Antibacterial Assay:

Significant results of disc diffusion assay of chitosan hydrogel, CAC hydrogel, CAVC

hydrogel, and vancomycin were observed against S. aureus and E. coli.
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4.6.1 Antibacterial Activity Against E. coli:

Antibacterial ~ Activity  of | Diameter of  Zone  of | Average diameter of
against E. coli Inhibition(cm) Zone of Inhibition(cm)
CAVC hydrogel 0,0.8 0.4

CAC hydrogel 14,16 1.5

Chitosan hydrogel 1,0.9,0.8 0.9

CNs 0 0

Figure 13 a) Antibacterial Activity of CAVC hydrogel against E. coli. b) Antibacterial Activity of CAC

hydrogel against E. coli. ¢) Antibacterial Activity of chitosan hydrogel against E. coli. d)
Antibacterial Activity of CNs against E. Coli
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4.6.2 Antibacterial Activity Against S. aureus:

Antibacterial ~ Activity  of | Diameter of  Zone  of | Average diameter of
against S. aureus. Inhibition(cm) Zone of Inhibition(cm)
CAVC hydrogel 1.6 1.6

CAC hydrogel 41,4 4.05

Chitosan hydrogel 4.2 4.2

CNs 2.2,1.7 1.95

Figure 14 a) Antibacterial Activity of CAVC hydrogel against S. aureus. b) Antibacterial Activity of

CAC hydrogel against S. aureus. ¢) Antibacterial Activity of chitosan hydrogel against S. aureus. d)

Antibacterial Activity of CNs against S. Aureus.
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4.7 Swelling and Degradation Studies:

The swelling study results are presented. Investigating the impact of Carbon nanodots of PHM3
concentration, the swelling ratio of the CMC/Carbon nanodots of PHM3 nanocomposite
hydrogels rose with increasing Carbon nanodots of PHM3 content. Introducing nanoparticles
can establish physical barriers within the hydrogel network, impeding the unrestricted
movement of polymer chains. This constraint leads to a denser packing of polymer chains
within the hydrogel. Consequently, when water is absorbed, the heightened density restricts
the expansion of the hydrogel compared to its expansion in the absence of nanoparticles. As a
result, the swelling ratio increases as the hydrogel retains more water within its constrained

network structure.

Swelling Studies
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Figure 15 Results from swelling studies

It was noted that reducing the Carbon nanodots of PHM3 content resulted in an increase in the
biodegradation of the nanocomposite. The presence of nanoparticles modifies the hydrogel's
accessibility to biodegrading agents, including enzymes or environmental elements.
Nanoparticles can serve as physical obstacles, protecting the polymer chains from enzymatic
degradation or breakdown caused by environmental factors. This protective role slows down
the degradation process, leading to a decrease in the biodegradation rate as the nanoparticle

concentration rises within the hydrogel.
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Figure 16 Results from degradation studies
4.8 Drug Delivery Studies:

The release of vancomycin from chitosan hydrogel-based nanoparticles was examined at two

distinct pH levels, specifically pH 2 and 7.4, maintaining a temperature of 37°C £ 0.5.

4.8.1 Drug Loading (%):

The hydrogels, which included carbon nanodots at 15% and 30% concentrations, were
immersed in a 20 mL water-based solution containing 5 mg/mL of vancomycin before their
pH-responsive properties were studied. By comparing the hydrogels' weights before and after
drug loading, we were able to evaluate their drug loading capabilities. Each film sample
underwent this experiment three times to ensure the findings could be reproduced. It was found
that CAVC (30%) had a drug loading capacity of 50.06% and CAVC (15%) had a capacity of
19.73%. Carbon nanoparticles and chitosan hydrogel have a synergistic effect, which may
explain why the PHM3 Carbon nanodots-coated CA film is so effective in loading drugs. This
phenomenon is mainly caused by the increased hydrogen bonding between the surface-attached
carbon nanodots' hydroxyl (OH), amino (NH2), and carboxyl (COOH) groups and the chitosan
film's porosity structure. Carbon nanodots, when added to the CA hydrogel sheet, greatly

enhanced the chitosan hydrogel's absorption capacity.
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4.8.2 Standard Curve of Vancomycin:
A calibration standard curve comprising ten points was constructed, encompassing known drug

concentrations ranging from 5 to 0.25 mg/ml. Each sample was analyzed in a UV
spectrophotometer at the specific wavelength of 281nm. The entire experiment was conducted
in triplicate, and three independent measurements were taken to establish the mean value for
drawing the standard curve. A notably linear relationship was observed between the known
drug concentrations and their corresponding absorbance values. The linear curve yielded the
following results: y = 0.0061x + 0.0265, with an R2 value of 0.9377.

Standard Curve of Vancomycin
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0.05 R’=0.9377
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2]
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Figure 17 Standard curve of vancomycin

The hydrogel was submerged in 30 mL of double-distilled water to analyze its release profiles.
UV-visible spectroscopic measurements were performed by extracting 1 mL aliquots from the
release medium at specified intervals, which were subsequently diluted threefold. To ensure a
consistent volume of the release medium, 1 mL of fresh medium was replenished after each
sampling. The percentage cumulative release of vancomycin (VA) from CAVC hydrogels was
assessed by measuring UV-visible absorption at a wavelength approximately 281 nm for each

sample.

4.8.3 Drug release profile at pH 7.4

The release of Vancomycin at pH 7.4 was notably slower compared to other pH values, likely
due to the presence of nanoparticles in the hydrogel, which facilitated continuous and
controlled drug diffusion. Within the initial 20 minutes, only 7.1% of the vancomycin was
released from the nanoparticles. Subsequently, after one hour, the release increased to 15.3%
from the carbon nanodots. Following this initial slow and gradual release, a maximum release

of vancomycin at pH 7.4 was recorded at 30.7% after 48 hours.
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4.8.4 Drug release profile at pH 2.0

Regarding the drug release profile at pH 2.0, in contrast to the release rate at pH 7.4, the release
of vancomycin from nanoparticles at pH 2.0 was continuous, controlled, and notably higher.
The stability of nanoparticles at this pH contributed to the higher release rate. Approximately
41.3% of the drug was released within the first hour, gradually increasing up to the 48th hour.
The maximum drug release at pH 2.0 reached 79.3%. These results suggest that approximately
9-10% of the drug remained within the nanoparticles and would be gradually released over

time.

Drug Release(Vancomycin)
100.0
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80.0
70.0
60.0
50.0

—@—pH 2
40.0

Drug Release (%)
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0.0
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Figure 18 Drug release curve for vancomycin at two different pH levels
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FUTURE PROSPECTS

Cytotoxicity evaluations of both nanoparticles and hydrogels can be conducted both in-
vivo and in-vitro so that further applications could be studied for animal and humans.
MTT Assay can be conducted on cell lines to study anticancer properties of carbon dots
and chitosan hydrogel alone (and in conjugation) as well as their drug loading and
release properties when used with anticancer drugs.

Drug release properties of hydrogel and nanoparticles in combination on animal models
and in humans. Desirable results can help find advancements in bandage making and
drug delivery through wounded sight for quick healing.

Testing for antibiofilm activity of carbon dots and chitosan hydrogel against resistant
biofilm forming bacteria like Staphylococcus aureus that are difficult to eradicate once
they form biofilm. Also, antibiofilm activity can be checked in conjugation with drugs.
Functional groups of both hydrogel and carbon dots can be studied further for devising
possible methods for incorporating hydrophobic drugs with them.

The antimicrobial activity of carbon dots as well as chitosan hydrogel can also provide
its applications in fresh fruit packaging to improve shelf life and decrease loss due to
spoilage. Further advancements include its use in other types of food packaging like
‘Polyethylene terephthalate” packaging in case or milk and some other products.
Conjugation of carbon dots with antimicrobial peptides can also be studied and
potential applications can be derived from such conjugations.

Antifungal activity of both gel and carbon dots can be studied alone and in conjugation
with each other as well as in conjugation with other antifungal compounds.

Imaging properties of the carbon dots can also be studied for cancer cell lines while
also studying their uptake by cancer cell lines.
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