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ABSTRACT 

The burden of Parkinson’s disease is global, ranking second to Alzheimer’s disease 

among neurodegenerative diseases with approximately 10 million new diagnoses 

made per annum. Parkinson’s is neurodegenerative in nature, which ultimately results 

in effects ranging from paraesthesias to paralysis and cognitive impairments in middle-

aged to elderly patients. The golden standard for Parkinson’s disease treatment at the 

moment is dopamine. These current treatment options are not as effective in treating 

Parkinson’s as they have less capability of crossing the Blood-Brain Barrier (BBB).  

The BBB is a selectively permeable barrier that controls the exchange and transport 

of substances between the blood and the brain and in comparison, to other vascular 

endothelial cells found in the body, the BBB has highly expressed tight junction 

proteins, which function to primarily inhibit the random diffusion of substances between 

the blood and the brain. This provides an intensely strict regulation of para- and 

transcellular traversal of molecules (having a reported size of approximately 4 nm) 

across the BBB. Hence, there is a dire need for the development of nanomedicines 

for the effective delivery of neurological drugs across the BBB.  

To provide a targeted approach for the above limitations, we have proposed the 

development of a carbon dot technology, loaded with a site-specific therapeutic, 

dopamine. This research will entail the development of a non-toxic, water soluble, 

drug-loaded carbon dot system for the delivery of dopamine across the BBB.  Carbon 

dots are zero-dimensional spherical allotropes of carbon and may be the ideal 

nanocarriers for neurological drugs as they have noteworthy properties, low toxicity, 

favourable photostability, easily functionalized surfaces, high specific surface area, 

high quantum yield, high biocompatibility, high thermal stability and being chemically 

inert; resulting in optimal neuro-availability of drugs. The carbon dots will be 

synthesized from sodium citrate and urea.  This allows for a shorter reaction time, no 

need for expensive reagents or costly production methods and the resultant carbon 

dots do not need further surface functionalization. Dopamine is required in the 

treatment of Parkinson’s disease, hereby providing the platform for the challenging of 

conventional treatment for Parkinson’s disease. The dopamine-loaded carbon dots 

would be loaded in a chitosan-alginate nanogel, allowing for the delivery of dopamine 

across the BBB via the intranasal route. The copolymeric nanogel allows for the 
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complete protection of the dopamine-loaded carbon dots in the gastric environment, 

enabling delivery and absorption through nasal mucosa only. This results in higher 

bio- and neuro-availability of dopamine at dopamine receptors in the brain. The 

physicochemical properties of the loaded and unloaded system were analyzed utilizing 

Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Differential 

Scanning Calorimetry (DSC), Zeta size and Zeta Potential analysis. The morphological 

characteristics of the system was analyzed employing Transmission Electron 

Microscopy (TEM). The viscoelastic properties of the nanogel was determined by 

rheological analysis. In vitro drug release studies were undertaken and the toxicity of 

the system was determined by performing cytotoxicity studies on a PC12 cell line. A 

Box-Benkhen design was utilized for generation of an optimized formulation. FTIR 

analysis proved the synthesis of the carbon dots and the surface passivation of 

dopamine to the carbon dot surface. Zeta potential results also confirmed the surface 

passivation of dopamine due to the zeta potential becoming more positive. DSC 

analysis verified the synthesis of the carbon dot and also surface passivation of 

dopamine to the surface of the carbon dots due to shifts in the transition temperatures. 

The diffractogram generated from XRD demonstrated the crystalline nature of the 

carbon dots. TEM images showed the morphology of the carbon dots, which presented 

distinctive outlines around the circular core. The carbon dots were ~10nm in size, 

corroborated by zeta size analysis and TEM microscopy. In vitro drug entrapment 

efficiency was 98.67%. The drug release curves illustrated a controlled and sustained 

release pattern. In vitro cell studies confirmed that the unloaded carbon dots and the 

loaded carbon dots were minimally toxic to the neurological cells. Further, cell 

proliferation was enabled by the unloaded and loaded carbon dots.  

This study proved the vast potential for carbon dot usage in drug delivery, specifically 

for Parkinson’s Disease as highlighted in this specific project. The carbon dots were 

simplistic cost-effective and not time-consuming to synthesize. The loading of 

dopamine to the carbon dots was also non-complex and the carbon dots loading 

capacity was very high. This delivery system could potentially reduce the side effect 

profiles suffered by the patients drastically as the dosage administered can be reduced 

and the drug levels could be maintained for an extended period. This would potentially 

enhance patient outcomes and dramatically increase patient compliance. 
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1. CHAPTER 1: INTRODUCTION AND MOTIVATION FOR THIS STUDY 

1.1. Background for this research 

The burden of Parkinson's disease is global, ranking second to Alzheimer's disease 

among neurodegenerative diseases with approximately 10 million new diagnoses 

made per annum [1]. Parkinson's is neurodegenerative in nature, which ultimately 

results in effects ranging from paraesthesias to paralysis and cognitive impairments in 

middle-aged and elderly patients. Current treatment options are not as effective in 

treating Parkinson's as they have less capability of crossing the Blood-Brain Barrier 

(BBB), resulting in higher concentrations of drug required for treatment. Additionally, 

a longer period of treatment is implemented to increase the biocirculation time of drugs 

in the CNS and bioadhesion at the endothelial cells and/or receptors at the BBB. 

Higher concentrations of drugs administered also results in a higher frequency of side 

effects experienced by patients [1]. 

 

Furthermore, conventional neuro-therapy exudes a therapeutic effect after a 

prolonged period of time which decreases patient compliance. The suboptimal delivery 

of neuro-actives is due to the BBB and neurotransmitters such as dopamine are 

unable to cross the BBB (by itself) as it has a high H-bonding potential, undergoes 

complete ionization at physiological pH and is extensively metabolized by the liver 

when administered orally [2]. The BBB is a selectively permeable barrier that controls 

the exchange and transport of substances between the blood and the brain and is 

primarily composed of astrocytes, endothelial cells and pericytes [3]. 

 

The BBB, in comparison to other vascular endothelial cells found in the body, have 

highly expressed tight junction proteins, which function to specifically inhibit the 

random diffusion of substances between the blood and the brain [3]. This provides an 

intensely strict regulation of para- and transcellular traversal of molecules (having a 

reported size of approximately 4 nm) across the BBB [4]. Hence, there is a dire need 

for the development of nanomedicines for the effective delivery of neurological drugs 

across the BBB. In order to circumvent the weak capability of conventional neuro-

therapy for crossing the BBB, this study proposes to focus on the development of a 

carbon dot loaded with dopamine, for the potential treatment of Parkinson's disease. 

Carbon dots (C-Dots) have an excellent ability for crossing the BBB [5]. 
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C-Dots are revolutionizing the field of drug delivery due their ability to cross the BBB, 

if synthesized from a BBB-suitable precursor [5]. C-Dots are zero-dimensional 

spherical allotropes of carbon and may be ideal nanocarriers for neurological drugs as 

they have noteworthy properties [6], low toxicity, favourable photostability, easily 

functionalised surfaces, high specific surface area, high quantum yield, high 

biocompatibility, high thermal stability and being chemically inert [7]. The 

functionalization of neuro-specific precursors or ligands to the surface of carbon dots 

allows for increased permeation across the BBB, via the specific neuro-transporters 

targeted by the precursor or ligand selected [8]. This eliminates the need for drugs to 

conjugate at neuroreceptors, yielding low neuro-availability. In addition, C-Dots have 

intrinsic photo-luminesce, which can be enhanced using precursors with strong photo-

luminescent properties. This allows carbon dots to be ideal for bio-imaging and bio-

sensing [9]. The high specific surface area of the carbon dots allows for the efficient 

drug-loading of neuro-drugs. 

 

1.2. Rationale and motivation for this research 

The incidence of Parkinson's disease, is plaguing this generation more than ever 

before. One in every 37 people are diagnosed with Parkinson's disease [10]. The 

dopamine-loaded carbon dot (dopamine-loaded C-Dot) technology to be developed in 

this study aims to enable more efficient traversal of dopamine across the BBB, 

enabling higher neuro-availability at dopamine receptors in the brain. This will result in 

lower dosages of medication required, and also the reduction of side effects 

experienced by the patient. Reducing neurodegeneration will lead to stability of the 

disease and enhancing the overall well-being and quality of life of the patient. The C-

Dots will be synthesized from sodium citrate and urea.  

 

Sodium citrate and urea are inexpensive reagents and allow for a reduced reaction 

time, simpler production method and produce water-soluble carbon dots that require 

no further surface functionalization [11]. The C-Dots have an ability to cross the BBB 

via adsorptive transcytosis [12]. The chemical structures of sodium citrate and urea 

will be utilised as the structure template for the carbon dots, rendering it viable to be 

effectively loaded with dopamine. The biocompatible, controlled release dopamine-

loaded C-Dots will be placed in an enteric gel capsule, allowing for the oral delivery of 

the C-dot system, where it will permeate the small intestinal wall, be absorbed into the 
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bloodstream, and target the BBB to release dopamine at dopamine receptors in the 

brain.  

 

Carbon dots have been intravenously administered [13] but an oral formulation may 

prove safer and much more patient compliant. The enteric gel capsule will enable the 

protection of the dopamine-loaded C-Dots in the gastric environment, enabling 

delivery and absorption of the C-dots in the small intestine (SI) only. Due to the 

decreased absorption in the stomach, a higher bio- and neuro-availability of dopamine 

will be transported to the brain. The enteric gel capsule will dissolve in the small 

intestine, the C-Dots will be released and permeate the small intestine mucosa. C-

Dots will then be absorbed into the systemic circulation where they will target the BBB 

and permeate the BBB transcellularly via adsorptive transcytosis and receptor-

mediated transcytosis due to the transferrin functionalization on the surface of the C-

Dots. Dopamine will then be released from the C-Dots and bond at dopamine 

receptors in the brain. 

 

1.3. Aims and objectives  

The aim of this research was to synthesize carbon dots, loaded with dopamine, 

formulated in a copolymeric nanogel for utilization as an intranasal delivery system. 

This system preferentially permeated nasal mucosa as well as the BBB and ensured 

optimum targeted bioavailability of dopamine for treatment of Parkinson’s disease. 

 

The aim of this research was achieved through the following objectives: 

1) Carbon dots were synthesized utilizing sodium citrate and urea for inclusion in a 

nanogel, as an intranasal targeted neurotherapy. 

2) Loading of Dopamine onto the carbon dot. 

3) The physicochemical properties and degree of cross-linking of the unloaded- and 

dopamine-loaded carbon dots was determined employing FTIR, XRD and DSC 

characterization analysis. 

4) The morphological properties of the unloaded and dopamine-loaded carbon dots 

were detected employing Zeta-sizer and TEM analysis to determine the size and 

uniformity in particle distribution. 
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5) The stability of the carbon dot formulation was proven employing Zeta Potential 

analysis. 

6) Evaluation of the in vitro drug entrapment and drug release kinetics of the 

dopamine-loaded carbon dot was undertaken by utilizing fluorescence spectroscopy 

which determined the entrapment efficiency and degree of controlled-release of the 

dopamine-loaded carbon dots. 

7) Biocompatibility and cytotoxicity analysis were performed employing luminescence 

evaluation utilising PC12 cell lines and evaluation of cellular uptake and the effect of 

the carbon dots on cell viability was determined. 

 

1.4. Graphical abstract 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic depicting the synthesis mechanism by which the Dopamine-

loaded carbon dot system would function in the body following targeted delivery to the 

brain. 

Chitosan-Alginate nanogel Dopamine-loaded carbon dot 

absorption across nasal mucosa. 
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1.5. Overview of the dissertation 

Chapter one is introduction to this study. It highlights the burden of Parkinson’s 

disease (PD) and explains the effects that the disease has on the body. This chapter 

also illustrates the current treatment options for PD and their limitations. The chapter 

then goes on to describe and define the Blood-Brain barrier. The chapter then 

elucidates carbon dots, its advantages and how it will be applied and beneficial in this 

study. The aims and objectives of this study are explained in this chapter.  

Chapter two is a literature review detailing the origin of carbon dots, the recent peaked 

interest in biomedical application and drug delivery using carbon dots, the synthesis 

methods and various works from researches who have utilized carbon dots in different 

fields of drug delivery for various purposes. This review was published in Current 

Pharmaceutical Design in 2020. 

Chapter three details the synthesis of the carbon dot and the dopamine-loaded 

carbon dot system. In this chapter, FTIR, XRD, DSC, TEM, and Zeta size and potential 

analysis was undertaken to determine the physicochemical properties of the loaded 

and unloaded carbon dots. In vitro drug entrapment, drug release and cytotoxicity 

studies were also undertaken and are outlined in this chapter. 

Chapter four provides an overall synopsis and conclusion to this dissertation, 

explaining the outcomes of the study and recommendations for future works due to 

shortfalls in current research and limitations of the project. 
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2. CHAPTER 2: A Literature Review of Carbon Dots as Nanotherapeutics for 

Biomedical Applications 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Schematic describing the structure, characterizations, synthesis methods, 

size and applications of carbon dots. 

 

2.1. INTRODUCTION 

Nanomedicine is a vast field explored by many researchers to design novel, 

biocompatible and non-toxic platforms that can be applied in various biomedical fields. 

An emergent nanomaterial of great interest is Carbon Dots (CDots) [1]. CDots form a 

part of an ingenious series of carbonaceous nanomaterials and are zero- dimensional 

spherical allotropes of carbon [2, 3]. These nanomaterials (10nm in size; ranging from 

2-8nm) are environmentally benign clusters of carbon atoms, with traces of oxygen, 

hydrogen and nitrogen and have a sp2 hybridized structure, including various 

functional groups such as carboxyl (-COOH), aldehyde (-CHO) and hydroxyl (-OH) 

groups [4, 5, 6]. This is depicted in figure 3 below. 

CDots are also known as Carbon Nano-Dots, graphene quantum dots or carbon 

quantum dots. CDots were accidentally discovered in 2004 by Xu et al. during the 

Size: 

<10nm 

Size: 

<10nm 
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processing of single-walled carbon nanotubes (SWCNTs) [1, 7], also known as the arc 

discharge synthesis of carbon nanotubes [5]. CDots obtained their scientific 

designation as “carbon quantum dots” in 2006 by Su et al., who worked on their 

surface passivation in order to enhance the intrinsic quality of fluorescence that CDots 

possess [1, 7]. These fluorescent nanoparticles serve as an alternative to the orthodox 

semi-conductor quantum dot, which possesses limitations such as high toxicity, due 

to the addition of heavy metals during their formulation [2, 8]. CDots are documented 

to have been synthesized from a myriad of different sources. Some of these sources 

include, but are not limited to carbon fibre, citric acid, graphite and glucose [9]. 

 

 

Figure 3: Schematic depicting carbon dot design with various functional groups on 

the carbon dot surface. Adapted with permission from Ref: 4 [4]. 

Since the discovery of carbon dots, their properties and chemical nature have 

been extensively researched and they have been designated as a new class of 

the smallest, biocompatible, viable nanomaterials [7]. Carbon dots can be 

crystalline or amorphous in nature [10] and have revolutionized chemical, 

biomedical and nanomedical fields as they possess noteworthy properties [1]. 

These include; low toxicity, favourable photostability, easily functionalized sur- 

faces, high specific surface area, high quantum yield, high biocompatibility, high 

thermal stability and being chemically inert [11]. These are illustrated in figure 2 

above. Carbon dots also have a higher drug-loading capacity as opposed to 
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particles which are larger i.e. quantum dots [4]; they have remarkable water 

solubility, are eco-friendly, are good conductors and in addition, carbon dots have 

intrinsic photo-luminesce, which can be enhanced using precursors with strong 

photo-luminescent properties. This allows carbon dots to be ideal for bio-imaging 

and bio-sensing [2,12]. Carbon dots have thus been instrumental in the 

advancement of the selective detection of nucleic acids [13], heavy metal 

detection by fluorescent detection [14] and bioactive molecule detection by 

fluorescent sensing [15]. 

CDots also allow for targeted drug delivery, as this is one of the most prominent 

properties of the nanomaterial [4]. This is mainly due to the intrinsic photo-

luminescence property, which allows for easy and effective in vivo tracking of drug 

delivery platforms. In addition, the easily functionalized surfaces allow the 

attachment of receptor-specific ligands or precursors, facilitating the specific 

targeting of drugs to specific sites, which ultimately leads to a decrease in side-

effects experienced by patients [15]. This property generated advancements in 

both chemo- and gene therapy. Unfortunately, conventional chemotherapeutics 

result in patients’ suffering from off-target effects [16]. In order for chemo- and 

gene therapy to be effective, the chemotherapeutic vehicle or vehicle for the 

transfection of DNA has to possess an inherent safety and efficient- drug loading 

capacity. 

 

2.2. Various methods to synthesize carbon dots. 

The carbon sources used in the synthesis of CDots determine the morphology of 

the resultant carbon dots, as they provide the chemical structure template for the 

carbon dots. Carbon dots can be synthesized employing one of two approaches 

i.e. bottom-up or top- down approach. The “bottom-up” approach utilizes polymer 

precursors or organic monomers, whereas, the “top-down” approach utilizes 

carbon materials such as carbon nanotubes or graphite [17]. 

Biodegradable polymers are beneficial for drug delivery due to their high 

biocompatibility and low toxicity [18]. The utilization of biodegradable polymers for 

the synthesis of carbon dots allows these processes to be cost-efficient and non-

toxic. These polymers provide the structure template for the resultant carbon 
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nanodots. Therefore, the surface functional groups of the carbon dots can be fine-

tuned due to the careful selection of a specific biodegradable polymer. 

 

2.2.1. Synthesis of carbon dots utilising the Bottom-Up approach. 

Precursors such as polymers, carbohydrates and organic acids have been 

extensively employed in this potential approach, utilizing an array of 

methodologies such as carbonization of polymers, plasma treatment, microwave 

synthesis, solvothermal treatment and hydrothermal treatment [17]. 

 

2.2.1.1. Carbonization 

This involves the conversion of polymeric precursors into materials of a carbonaceous 

nature via controlled chemical reactions. These polymers provide the chemical 

structure for the resultant microstructures [20]. Polymers are preferred to 

hydrocarbons and biomass as the synthesis from polymers results in carbon 

nanomaterials with structures which are well-defined [20]. Carbonization is a low-cost 

method comparable with the hydrothermal and solvothermal processes, which have 

also been reported to be cost- effective processes. Carbonization is a more cost-

effective process in comparison to microwave synthesis, laser ablation and arc dis- 

charge [19]. Carbonization results in products with a broad size distribution, which is 

also the case with chemical oxidation. Carbonization is a process that is easy to 

perform, and this has been reported for arc discharge as well [19]. 

 

On the other hand, processes such as chemical oxidation, electrochemical oxidation 

and laser ablation are all sophisticated processes and are therefore more challenging 

to perform [19]. Cai et al., synthesized molybdenum-doped carbon dots via in situ 

carbonizations of glutamic acid and ammonium molybdate in PEG fluid [21]. 

Polyethylene glycol (PEG) exhibits excellent bio- compatibility and enables 

carbon dots to circulate in a “stealth mode” in the bloodstream. It allows carbon 

dots not to be taken up by the reticuloendothelial system (RES), resulting in a 

prolonged circulation time in vivo. PEG also decreases the risk of immunogenicity 

[22]. Naik et al., demonstrated the rapid and cost-effective synthesis of CDots 

doped with sulfur via simple acidic carbonization of sucrose to detect Fe3+ ions 
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in a highly acidic environment [23]. Cheng et al., proved the easy synthesis of 

carbon dots through the carbonization of walnut shells [24]. Various 

biodegradable polymers that can be utilized for carbon dot synthesis are 

illustrated in figure 4 below. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic illustrating some biodegradable polymers which can be utilized 

to synthesize carbon dots. Adapted with permission from Ref: 19 [19]. 

 

2.2.1.2. Plasma treatment 

This is comprised of a microwave plasma torch that exudes nitrogen radicals, 

which are highly activated and are also close to thermodynamic equilibrium in a 

pure nitrogen plasma. The plasma flame is uninterrupted due to microwave 

radiation, and stability is induced by a mixture of nitrogen and argon, which is 

injected in a swirling motion. Turbulence is generated by the injection of the gas 

directly into the plasma flame, which is stabilized by the swirl of the gas. Carbon 

atoms then rapidly get mixed with the iron atoms provided by the plasma flame, 

and this allows for the continuous growth of carbon nanomaterials [25]. Ma et al., 

demonstrated carbon dot synthesis through micro-plasma technology at 

atmospheric pressure [26]. Zhou et al., illustrated the plasma-enabled conversion 
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of ethanol into carbon dots near room temperature without the addition of a 

catalyst [1].  

 

2.2.1.3. Microwave synthesis 

Microwave synthesis has been developed as a means of time- efficient and rapid 

method of synthesis of carbon nanomaterials. This method employs the 

assistance of a microwave, which is an electromagnetic spectrum of frequency 

300 MHz-300 GHz. This energy source is utilized as a source of heat to the 

synthesis process. The heat supply has been found to be homogenous, which is 

advantageous for the resultant carbon nanomaterials produced [27]. The size of 

the particles generated by this process has been found to be easy to control. This 

proves true for laser ablation as well as electrochemical oxidation [19]. The 

particles resulting from microwave synthesis possess a uniform size distribution, 

which is, contrary to both carbonization and chemical oxidation wherein the 

particles possess a broad size distribution [19]. Microwave synthesis is a high-

cost process to run, which is comparable to laser ablation and arc discharge, 

which are too expensive processes. Contrary to these high cost processes; 

hydrothermal treatment, solvothermal treatment, and carbonization are low cost 

processes of synthesis [19]. 

Yang et al., proved the microwave-assisted synthesis of CDots for application in 

the bio-sensing of tetracycline [28]. Choi et al., reported the microwave-assisted 

synthesis of biocompatible and luminescent lysine-based carbon dots [29]. Hou 

et al., demonstrated the rapid microwave-assisted synthesis of molecularly 

imprinted polymers on carbon dots for fluorescent sensing of tetracycline in milk 

[30]. 

Liu et al., reported the use of acrylamide/chitosan as a precursor for carbon dots. 

This polymer also provided a nitrogen source for carbon dots, resulting in amino 

groups on the carbon dot surface. They were able to develop rapid and high yield 

synthesis of carbon dots by means of microwave-hydrothermal carbonization. 

These carbon dots were used for the fluorescent detection of ferrous ions in the 

body [31]. Liu et al., also reported in the same study that current synthetic methods 

of nitrogen-doped carbon dots are time- consuming (>4 hours) and require high 

temperatures (>180° C). Additionally, the fluorescence quenching mechanism 
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induced by metal ions is vague at present [31]. Huang et al., developed chitosan 

carbon dots as a biosensor for detecting dopamine with a detection limit of 11.2 

nm. They further modified these carbon dots with gold to enable a lower detection 

limit of 1.0 nm. [32, 33]. Sakar et al., reported a vitamin D biosensor with high 

specificity. This bio- sensor was synthesized from chitosan [34]. 

 

Jia et al., utilized HA-based theranostic nanogels for chemo- therapy and tumor 

diagnosis. They achieved this by cross-linking the folate-terminated PEG-

modified HA with carbon dots for the first time. The researchers found that these 

nanoprobes exhibited extraordinary fluorescence due to the property of the 

integrated carbon dots. These nanoprobes were able to be loaded with 

doxorubicin due to the drug-loading ability of HA. The nanoprobes provided non-

invasive location tracking of cancer cells and exhibited pH-responsive controlled 

release behavior in that there was an ideal release of doxorubicin in the weak 

acidic environment of the tumor cells while restraining the release in neutral 

media. The cytotoxicity and cellular uptake results of this study clearly proved that 

most of the doxorubicin released and accumulated in the cancer cell nuclei 

resulting in the efficacious death of cancer cells owing to the dual receptor-

mediated targeting characteristics of these nanoprobes [35]. HA has been 

documented to exude excellent biocompatibility as it is a natural anionic 

polysaccharide. It is also a major extracellular matrix of connective tissues [36, 

37]. 

Advancements in research have enabled the microwave-assisted synthesis of 

CDots to obey green principles. Liu et al., illustrated a one-step microwave-

assisted polyol method for the synthesis of green luminescent carbon dots. The 

source of carbon was sucrose and diethylene glycol was the reaction medium. 

The carbon dots were synthesized within one minute under microwave 

irradiation. These carbon dots proved to be luminescent, were able to be taken 

up by C6 glioma cells and exuded low cytotoxicity, which was suggestive of the 

potential for future prospects in bio-imaging applications [38]. 
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2.2.1.4. Solvothermal treatment 

This includes exfoliation, which is carried out in a solvent that is highly polar in a 

Teflon-lined autoclave, which is set to 180º C for 12h. The high pressure which 

is generated within the autoclave stimulates the insertion of molecules of the 

solvent into the interlayer of the carbon source [38]. Solvothermal treatment 

refers to chemical reactions occurring in non-aqueous solvents [40]. Yang et al., 

demonstrated a one-step solvothermal method for the preparation of a novel type 

of quaternized carbon dot. They utilized glycerol and dimethyloctadecy l[3- 

(trimethoxysilyl)propy] ammonium chloride (Si-QAC). These carbon dots were 

able to interact with both gram-negative and positive bacteria, and due to the 

absorption of the carbon dots, bacterial cell surface destruction was induced in 

gram-positive bacteria [41]. Liu et al., reported a one-pot solvothermal synthesis 

of EDTA-derived CDots for the enhanced removal of tetracycline [42]. 

 

2.2.1.5. Hydrothermal treatment 

This synthesis is defined as the process of crystallization at high pressure (> 1 

atm) and above room temperature. This process is conducted in either aqueous 

or non-aqueous media and via heterogeneous reactions. This synthesis process 

is typically conducted in a stainless-steel autoclave with a Teflon liner- able to 

withstand high pressure and temperature that is generated in association with the 

chemical reactions taking place. The fundamental rationale for employing these 

conditions is to account for materials that are insoluble and or tough to dissolve. 

These materials then enter into a solution as complexes due to the co-operation 

between the solvent, pressure and temperature which generate an effect [40]. 

Khan et al., illustrated the hydrothermal synthesis of CDots from red lentils for 

application in Fe3+ sensing [43]. Guo et al., synthesized nitrogen- doped carbon 

dots through a hydrothermal treatment process for application in biological 

imaging [44]. Yuan et al., reported the one- pot, easy and cost-effective synthesis 

of carbon dots, which are water-soluble, by hydrothermal treatment of wheat 

straw. The CDots were used for application in labelling, bio-imaging and bio- 

sensing [45]. 

Ding et al., synthesized Janus-like poly(methyl methacrylate)-b-poly(ethylene 
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glycol)-folic acid grafted carbon dots via aqueous phase radical polymerization 

technique. These carbon dots were used as non-invasive location tracking of 

cancer cells as they were loaded with doxorubicin. These carbon dots were found 

to exhibit zero premature leakage in physiological media, which resulted in a 

significant decrease in the toxic side effects of the cancer drug. 

 

Poly(methyl methacrylate) (PMMA) is vastly utilized in the bio- medical synthesis 

of carbon dots due to its non-toxicity, biocompatibility and biodegradability as drug 

delivery systems [46]. Ding et al., did however state that the fabrication of a 

controlled-drug delivery nanocarrier with long blood circulation time, excellent 

biodegradability and biocompatibility still needs time to be investigated [46]. 

Hyaluronic acid (HA) is advantageous in the targeted drug delivery of 

chemotherapeutics due to the overexpression of the HA receptor on tumor cells 

as well as the ability of the HA to be broken down into smaller molecules by 

hyaluronidase (HAse) which is abundant in some tumor cells. These advantages 

prove HA to be an excellent cancer drug delivery system in that it enhances 

intracellular intake as well as improves the therapeutic efficacy [37]. 

 

Jaleel et al., formulated chitosan carbon dots, via hydrothermal synthesis, for the 

transduction of Tissue Necrosis factor α (TNF-α) into cancer cells. These carbon 

dots provided targeted delivery of the gene to the tumour sites, as well as efficient 

in vivo bio-imaging due to the fluorescent properties of carbon dots. These carbon 

nanodots were also able to be functionalized with folate, which is overly expressed 

on tumors, due to the abundant functional groups present on the surface of the 

carbon dots [47]. Jaleel et al., also reported that in order for gene therapy to be 

safe and target-specific, its de- livery to the target site has to be controlled. The 

transfection efficiency of Polyethylenimine (PEI) is higher than that of chitosan, 

but PEI is more toxic than chitosan; therefore chitosan was utilized in the study 

[47].  

 

Huang et al., developed chitosan carbon dots as a biosensor for detecting 

dopamine with a detection limit of 11.2 nm. They further modified these carbon 
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dots with gold to enable a lower detection limit of 1.0 nm [32, 33]. Huang et al., 

stated that there are various other biodegradable polymers that are used to modify 

electrodes to detect dopamine. These include; o-carboxymethylchitosan 

(OCMCS), graphene (GME), methoxypolyethylene glycol (MPEG), polypyrrole 

and graphene (PPy/eRGO), hollow nitrogen-doped carbon nanospheres 

(HNCMS/GC), multi-walled nanotubes (f-MWCNTs), a CU2O/graphene 

nanocomposite (CU2O/graphene), a nanoporous morphology of a gold nanofilm 

(NPG/ITO), and Au nanoparticle- polyaniline nanocomposite layers (AuNP/ 

PANI). The researchers have found that although most of these systems have 

attributed to dopamine detection, these modified biomaterials possessed 

limitations either regarding the method of synthesis being sophisticated or 

regarding the sensitivity of the biomaterial [32, 33]. 

 

Zhao et al., utilized HA as a precursor for the hydrothermal synthesis of 

mesoporous silica nanoparticles to pose as targeted drug delivery systems for 

cancer drugs. The researchers found that due to HA being a big molecule, it was 

an excellent capping agent for the reduction of premature drug leakage in this 

study [48]. Yamina et al., developed PEGylated halloysite nanotubes, which can 

be used as a precursor for carbon dots, and reported that due to the PEGylation, 

the nanocomposites displayed excellent hydrophilicity, biocompatibility and 

biodegradability. They also reported that the PEGylation decreased the 

immunogenicity, toxicity, protein absorption, surface interaction, cell adhesion and 

undesirable cellular uptake of the nanocomposites at sites other than the 

cancerous tumor sites [49]. 

 

Solvothermal and hydrothermal treatments are distinctive from one another in the 

light of hydrothermal treatment comprising chemical reactions that occur in both 

aqueous and non-aqueous solvents, whereas the chemical reactions occurring 

via solvothermal treatment only occur in non-aqueous solvents. The comparable 

properties of solvothermal and hydrothermal treatment are thus the same and will 

be discussed simultaneously as follows. Solvothermal/Hydrothermal treatment is 

a low-cost synthesis comparable to carbonization. Solvothermal/Hydrothermal 

treatment is a more cost-effective process compared to arc discharge, laser 
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ablation and microwave synthesis [19]. Solvothermal treatment/Hydrothermal 

treatment generates a yield which is of superior quantum efficiency but a low yield, 

which is contrary to electrochemical oxidation, which generates a high quantum 

yield [19]. 

 

2.2.2. Synthesis of carbon dots utilising the Top-Down approach. 

These processes act in accordance with cutting the carbon source (e.g. graphene 

sheets) into graphene quantum dots (GQD) [50]. 

 

2.2.2.1. Arc discharge 

This was the initial method utilized for the fabrication of both MWCNTs as well 

as SWCNTs. This method employs carbon electrodes, which are heated to a 

high temperature, in the complete absence of oxygen, via electric current. Due 

to the addition of a catalyst to one of the electrodes, carbon nanotubes can be 

acquired. The basic mechanism of action of this method is dependent on the 

energy transfer between the target materials, e.g. graphite, and the external 

radiation source, bearing in mind that the target materials are maintained close 

to their melting point [51]. Arc discharge is a process that is easy to perform, 

similar to carbonization and chemical oxidation, which are also simple to perform 

[19]. This is contrary to electrochemical oxidation and laser ablation, as these 

processes are sophisticated and more challenging to perform [19]. Arc discharge 

is a high-cost process, comparable to microwave synthesis and laser ablation. 

Arc discharge is distinguished based on cost from carbonization, hydrothermal 

and solvothermal treatment in that the latter three methods are more cost 

effective [19]. 

 

2.2.2.2. Laser Ablation 

Laser ablation is a method in which the primary mechanism is similar to arc 

discharge. The difference is that the source of energy is now a laser that hits a 

graphite pellet, which encompasses catalyst materials. The laser has the ability 

to operate in one of two modes, i.e., pulsed or continuous mode. This laser 

causes the vaporization of the carbon and metal catalyst. Those vaporized 



19 
 

species are then made to enter a copper-collector, which is cooled by means of 

water. The vaporized species are directed via the flow of neutral gas, and they 

then condense. Laser ablation is a high-cost process, similar to arc discharge 

and microwave synthesis. In terms of cost, this method is contrary to 

hydrothermal and solvothermal treatment and carbonization as these processes 

are more cost-effective [19]. Laser ablation is a sophisticated process to perform, 

similar to electro- chemical oxidation, which is a sophisticated process to perform 

as well [19]. Processes such as arc discharge, chemical oxidation and 

carbonization are simple to perform. The size of the particles synthesized via 

laser ablation is easy to control, similar to that of microwave synthesis and 

electrochemical oxidation [19].  

 

Calabro et al., demonstrated the synthesis of CDots from carbon nano-onions 

via a liquid-phase laser ablation method [52]. Sattarahmady et al., synthesized 

CDots utilizing the laser ablation method for application in bactericidal effects of 

carbon dots on antibiotic-resistant Staphylococcus aureus [53]. 

 

2.2.2.3. Chemical Ablation/Oxidation 

This method is also called chemical vapor deposition (CVD) which allows for the 

direct growth of carbon nanotubes on a substrate. This takes place at a lower 

temperature compared to that of laser ablation and arc discharge.  The energy 

source here is a furnace with either a resistive or inductive heater, infrared lamp 

or a hot filament, which functions to decompose the precursor gas as well as the 

heating of the sample. The decomposition of the precursor gases, as well as the 

catalytic function of the substrate, is dependent on the heat of the furnace [51].  

 

Another such method is referred to as chemical ablation from graphene, in which 

the process proceeds as follows. The graphene oxide sheets are cut into small 

sheets via controlled oxidation within a mixture of nitric and sulphuric acid under 

mild ultrasonication. Thereafter the minute, oxidized graphene sheets are placed 

in a Teflon-lined autoclave and reduced under hydrothermal conditions at an 

elevated temperature [50]. 
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Chemical ablation/oxidation is a simple process to perform, similar to arc 

discharge and carbonization. Processes such as electrochemical oxidation and 

laser ablation are more challenging to perform [19]. Chemical ablation/oxidation 

accommodates large scale generation, which is similar to carbonization [19]. The 

particles produced via this method fall into a broad size distribution similar to that 

of carbonization, but is contrary to microwave synthesis in that the particles 

generated therefrom are uniformly distributed in size [19]. 

 

2.2.2.4. Electrochemical Oxidation 

Electrochemical synthesis enables the generation of fluorescent carbon 

nanoribbons, nanoparticles and graphene from a graphite electrode. This process 

is enabled due to the ionic liquid (IL)-assisted chemical exfoliation which utilizes 

an electrolyte (e.g. water-soluble IL 1-butyl-3-methylimidazolium tetrafluoroborate 

[bmim][BF4]). This electrolyte contains up to 90% water. The exfoliation 

mechanism occurs due to a complex interaction of anodic oxidation of water and 

anionic intercalation from the ionic liquid. If an IL with an electrolyte of high-water 

content (>10% water) is utilized, this results in the generation of water-soluble, 

oxidized carbon nanomaterials. On the other hand, if an IL of low water content 

(<10% water) is utilized, the result is IL-functionalized carbon nanomaterials. 

However, the production of carbon nanoribbons which have a similar structure to 

graphene carbon dots, can be performed through anionic intercalation and 

oxidative cleavage of graphite [50]. 

 

Electrochemical oxidation produces particles of high purity and high yield. This is 

contrary to hydrothermal and solvothermal treatments, which produce particles of 

superior quantum efficiency but low yield [19]. Electrochemical oxidation is a 

sophisticated process to perform, similar to laser ablation, which is challenging to 

perform as well. Processes such as hydrothermal and solvothermal treatment, 

chemical ablation/oxidation and carbonization are simpler to perform [19]. The 

particle size generated by this process is able to be easily controlled, similar to 

the particle produced by laser ablation and microwave synthesis [19]. A summary 
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of the synthetic processes of carbon dots is depicted in figure 5 below. 

 

 

 

 

 

 

 

 

Figure 5: Schematic depicting both bottom-up and top-down approaches utilized for 

the synthesis of carbon dots. Adapted with permission from Ref: 38 [38]. 

 

2.3. Carbon dots and Green chemistry – Feasibility in terms of synthesis 

“Top-down” synthesis methods prove beneficial in terms of sustainability and 

additionally comply with green chemistry principles [55]. Kołodziejczak-

Radzimska et al., and Djurisic et al. reported that zinc oxide (ZnO) is a vital group 

II-VI semiconductor and is a beneficial precursor for carbon dots owing to its low 

cost, abundance of components, ease of preparation in bulk or nanostructured 

forms and good photocatalytic activity. The researchers utilized a simple, one-pot 

(solution phase) synthesis technique, which involved carbon dots synthesis 

through the chemical reaction of D-fructose and NaOH, followed by the addition 

of zinc salt at pH 10. This method was cost-effective and conformed to “green 

chemistry principles” in that it is carried out in aqueous solution [56, 57].  

 

Dehvari et al. illustrated the use of waste crab shells, which constitute nitrogen 

elements as a form of chitin, poly-b (1/4)-N- acetyl-D-glucosamine 

polysaccharides and proteins. These can be utilized as a precursor source for 

carbon dot synthesis. The researchers doped these carbon dots with transition 

metal ions, resulting in theranostic carbon nanodots. These carbon dots were 

synthesized via a one-pot microwave-assisted, sonochemical, pyrolysis method. 
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The crab shells provided a cheap carbon source as well as presenting itself as a 

chelating agent able to form metal ions complexes. The researchers were also 

able to functionalize the surface with folic acid, which enabled these carbon dots 

to serve as an efficient fluorescent, bioimaging nanoprobe for targeting cancer 

cells [58]. 

 

In support of the yielding nature of carbon dot synthesis to green chemistry 

principles, a wide variety of precursors were reported; low-cost organic 

chemicals [59, 60], orange juice [61], dried shrimp [62], Syzygium cumini [63], 

pure milk [64], orange waste peels [65], cornflour [66] and Pyrus pyrifolia [63]. All 

these precursors successfully produced ultra-small fluorescent carbon dots. 

 

Ansi et al., reported the design of a cost-effective and simple synthetic technique 

for the synthesis of carbon dots utilizing table sugar as a precursor [67]. Yang et 

al., used fungus as a precursor for carbon dots in the application of hyaluronic 

acid and hyaluronidase detection [68]. Ensafi et al., synthesized carbon dots from 

saffron, which acted as bio-imaging probes for the detection of prilocaine with 

high sensitivity and selectivity [69]. Liu et al., reported a facile and cost-effective 

synthesis method for carbon dots utilizing rose-heart radish as a precursor [70]. 

The advantages versus the disadvantages of all the synthetic methods are 

illustrated in Table 1 below. 
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Table 1: Comparison of “Top-down” and “Bottom-up” approaches for the synthesis of 

carbon dots. Adapted with permission from Ref: 56 [56]. 

Strategies Methods Advantages Disadvantages Refs 

Bottom-up Microwave 

synthesis 

Easily 

controllable 

size, uniform 

size 

distribution, 

short reaction 

time 

High energy 

cost 

[57-60] 

Thermal 

decomposition 

Large-scale 

generation, 

low cost, easy 

operation 

Broad size 

distribution 

[60, 61] 

Hydrothermal 

treatment 

Lack of 

toxicity, low 

cost, superior 

quantum 

efficiency 

Low yield [62, 63] 

Top-down Laser ablation Morphology 

and size 

control 

High cost, 

sophisticated 

process 

[64] 

Electrochemical 

oxidation 

High purity 

and yield, size 

control 

Sophisticated 

process 

[65, 66] 

Chemical 

oxidation 

Large-scale 

generation, 

easy process 

with simple 

tools 

Broad size 

distribution 

[61] 
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Ultrasonic 

treatment 

Easy process High energy 

cost 

[67] 

2.4. The difference between Nano-Carbon/Carbon Nanotubes (CNTs) and 

Carbon dots 

A carbon nanotube (CNT) is a semi-open structure, which is a single layer of graphene 

rolled up into a hollow hole, which is seamless [82]. CNTs are, therefore, cylindrical in 

shape. These CNTs can either be classified as single-walled carbon nanotubes 

(SWCNTs) or multi-walled carbon nanotubes (MWCNTs), indicative of SWCNTs being 

comprised of one layer/wall and MWCNTs are composed of more than one layer/wall 

[83]. The simplest of the CNTs are the SWCNTs, which typically have a diameter within 

the range of 0.8-1nm, while MWCNTs fall within the range of 5-20nm. MWCNTs can, 

however, exceed a diameter of 100nm [82]. With regard to length, CNTs can range 

from >100nm-0.5m [82]. CNTs form part of the carbon family and are 1D in shape. 

They were first discovered by Ijama in 1991 [84]. 

 

CNTs have been utilized in various fields of drug delivery, which include but not limited 

to chemotherapy [85, 86] and haematological malignancies [87]. The cellular uptake 

of CNTs are dependent on their surface chemistry and dimension. For example, Kang 

et al., tested the cellular uptake of CNTs of diameters 1-3 nm, in different lengths; 

>50nm, 50-100nm and 100-200nm. The results concluded that the CNTs 50nm in 

length were uptaken by cells via energy-independent insertion and diffusion. The 

cellular uptake of the CNTs of length 50-100nm and 100-200nm entered the cells via 

the endocytic pathway [88]. Carbon dots, on the other hand, are deliberately 

synthesized from a precursor that can permeate a specific region of the cell, to enable 

optimal cellular uptake as well as efficient, targeted cell delivery. There is deliberate 

chemical functionalization of the carbon dot surface with selected molecules or 

precursors [89]. Exemplary of this is a study by Shaung et al. who demonstrated 

carbon dots exhibiting subcellular targeting features. The carbon dots had surface 

amine moieties and others with lauryl amine, targeting the lysosome and endoplasmic 

reticulum, respectively [90].  
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3. Surface functionalization of Carbon dots for biomedical application 

Carbon dots are versatile due to their various applications. However, carbon dots 

which are not functionalized consist of carbon and oxygen elements [91]. The problem 

presented by “bare” carbon dots is that they exhibit low quantum yield (QY) <5%, 

which is also a low luminescent efficiency. This is due to specific functional groups, 

i.e. carboxylic and epoxy groups, which induce the recombination of localized electron-

pairs, which are nonradioactive, thus, resulting in the suppression of fluorescence 

emission [91]. The non-functionalized carbon dots ordinarily emit blue fluorescence as 

well as exhibit a deficiency of active sites on the carbon dot surface. This ultimately 

results in the limitation of their application. Therefore, the functionalization of carbon 

dot surfaces is imperative to the enhancement of the photochemical, photophysical, 

photoluminescent and drug-delivering properties of carbon dots. 

 

Carbon dots can either undergo surface passivation or functionalization of the CDot 

surface. This permits the regulation of their properties and dramatically broadens the 

scope of their application [92]. The original synthesis of carbon dots was based on 

surface functionalization of small carbon nanoparticles, with polymeric and organic 

particles. This pre-selection of carbon nanoparticles leads to the deliberate surface 

functionalization of these carbon dots. The resultant CDots were found to be some of 

the best in performance in reference to their fluorescence. This improved fluorescence 

allows for the easy and effective live-tracking of CDots in vitro or in vivo, as well as 

cell uptake monitoring [93]. The deliberate pre-selection of precursors allows for 

specific surface passivation and functionalization of CDots, which improves their 

cellular uptake, intracellular trafficking and cytotoxicity [94]. CDots can be 

functionalized with various substrates, depending on the purpose they are intended to 

be used for. These include but are not limited to; peptides [95], organic molecules [96], 

polymers [97], ligands [98], a plethora of therapeutic drugs [99] and several others. 

This surface functionalization enable CDots to be vehicles of targeted drug delivery. 

Thus far, strategies for functionalization are comprised of surface modification and 

heteroatom doping [100]. 
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3.1. Surface modification 

The surface engineering of carbon dots involves the surface passivation by active 

functional molecules by means of various chemical bonds i.e. hydrogen, covalent and 

ionic bonds. This surface modification enhances the properties of carbon dots and 

allows for the aid in precise drug delivery, target-modulated sensing and diagnostic 

imaging [101].  

Yang et al., proved diagnostic imaging in mice by the utilization of carbon dots 

functionalized with PEG 1500N. The research team compared the luminous efficacy 

of the green carbon dots and that of quantum dots and found the green carbon dots 

to emit brighter light than that of the quantum dots [102]. 

 

Zhu et al., demonstrated dual-fluorescent sensing of copper ions. They synergized N-

(2-aminoethyl)-N,N,N’-tris(pyridin-2-ylmethyl)ethane-1,2-diamine carbon dots (AE-

TPEA-C- DOTS) and cadmium selenide (CdSe)/Zinc sulphide quantum dots (Zns)-

QDots. They then observed particle residues in numerous intracellular spaces, at 

physiological pH [103]. Kong et al., demonstrated that surface functionalized carbon 

dots can be utilized for the diagnostic imaging of living cells and tissues, at a 

physiological pH. The researchers conducted an in vivo pH alteration sensing test, 

which illustrated good linearity of the intensity of fluorescence between a pH range of 

6.0-8.5. The researchers were also able to prove that based on Na+-K+ exchange, 

LCC tumour cells and A549 lung cancer cells showed pH variation [104]. Li et al., were 

able to control the excitation-dependant luminescence of carbon dots by the 

functionalization of the carbon dot surface utilizing a simple thermal treatment. This 

resulted in excitation-dependant and excitation independent carbon dots [105]. 

 

4. Carbon dots in theranostic biomedical applications 

Carbon dots are predominantly composed of sp2 –hybridized carbon, oxygen, nitrogen 

as well as other doped heteroatoms. Carbon dots have proven beneficial to various 

biomedical applications. 

These biomedical applications are further explained below. 
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4.1. Carbon dots in Bio-Sensing and Bio-Imaging 

Carbon dots are innately advantageous in biosensing and bioimaging due to their 

excellent resistance to photobleaching and biocompatibility. Carbon dots biosensing 

can be applied in the selective detection of nucleic acids, fluorometric assays of 

enzymatic activity and complex discrimination and identification of cancer cells and 

bacteria [15]. 

 

4.2. Selective detection of Nucleic Acids 

Nucleic acids are comprised of two large classes of biomolecules: deoxyribonucleic 

acid (DNA) and ribonucleic acid (RNA), and are imperative to all known life forms. 

Huang et al., developed a quantitative detection method based on functionalized 

carbon dot nanoprobes which is based on competitive interactions between molecular 

quenchers, carbon dots and double-strand DNA 

[106]. This method employs a molecular quencher methylene blue or ethidium 

bromide. They first quench the fluorescence of carbon dots through an electron-

transfer process. Fluorescence recovery takes place after the addition of double-

stranded DNA, whereby the molecular quenchers selectively imbed themselves in the 

dsDNA [106].  

 

Godavarthi et al. made an attempt to prove the non-specific detection of dsDNA based 

on the enhancement of the fluorescence of N-doped carbon dots by dsDNA via weak 

interactions [13]. Quantification of single-strand DNA is more important in areas like 

gene analysis and disease diagnosis. Li et al., demonstrated the tuning of gold 

nanoparticles via DNA and carbon dots for the purpose of nucleic acid and protein 

detection [107]. Pierrat et al., illustrated the efficient in vitro and in vivo pulmonary 

delivery of nucleic acids via carbon dots [108]. 

 

4.3. Carbon dots and Chemo-sensing 

Carbon dots that are functionalized have been vastly utilized in chemo-sensing applied 

in biological sciences especially, for the detection of highly polluting biologically active 

small molecules [15]. In this particular application, carbon dots enjoy a great 
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advantage over other fluorescent materials owing to their exceptional aqueous 

solubility, low cost and good stability [15]. 

 

4.4. Heavy metal cation detection by carbon dot fluorescent detection 

Feng et al., found that the employment of ferric and cupric cations has paramagnetic 

nature as well as are efficacious quenchers, in comparison to most fluorophores. They 

found that this strong quenching effect can be exploited by carbon dots, provided that 

the carbon dots and the ions are in close proximity. This will enable proficient 

fluorescence quenching in sensitive detection. They found that ferric ions are able to 

efficaciously quench the fluorescence of N- doped carbon dots. This results from the 

interaction between the ferric ions and the doping of nitrogen on the surface of the 

carbon dots [15, 109].  

 

Dong et al., found that quantification of the Fe3+ and Cu2+ ions is based on the 

coordination-induced efficient fluorescence quenching which is widely employed. They 

also uncovered the underlying nature of non-fluorescent complex formation 

[110]. This is beneficial to iron poison detection in patients. Plácido et al., synthesized 

carbon dots from microalgae bio-char for the heavy metal detection in aqueous 

systems [14]. Pang et al., utilized co-doped nitrogen and sulfur carbon dots for the 

selective fluorescence detection of heavy metal ions [111]. 

 

4.5. Bio-active molecule detection by fluorescent sensing 

Heteroatom-doped carbon dots exude several active sites on the surface of the carbon 

dots to enable the interaction between carbon dots and external quenchers, like 

hydrogen peroxide. This is beneficial to the detection of bioactive molecules such as 

glucose, which is one of the most widely spread bioactive molecules in the animal 

body, and is imperative as an energy source. 

 

Shan et al., and Qiao et al., found that glucose detection can be based on boron-doped 

carbon dots. This was established due to the combination of the quenching effect of 

hydrogen peroxide and the enzymatic reaction of glucose oxidase [112, 113]. Zhang 

et al., found that an additional popularized detection method for glucose is the 
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covalent- binding of boronic acid-modified carbon dots and glucose [114]. Qian et al., 

proved that there is a selective response between silicon-doped carbon dots and 

hydrogen peroxide. The fluorescence of the Si-doped carbon dots was significantly 

quenched by the hydrogen peroxide via efficient electron transfer from carbon dots to 

the hydrogen peroxide. This was due to the strong affinity of hydrogen peroxide to 

silicone atoms [115]. 

 

Glutathione is a bioactive molecule that primarily occurs in living cells and maintains 

oxidation levels. Huang et al., discovered its discriminative determination over other 

biothols by means of a dual-channel mode. They functionalized carbon dots with bis(3-

pyridylmethyl)amine). Glutathione reacted specifically with the metal complexes of the 

carbon dots and resulted in a change in the fluorescence [116]. Cholesterol is vital in 

animals and is an essential component of all animal cell membranes. It plays a primary 

and fundamental role in the maintenance of the structural integrity and fluidity of the 

cell membrane. Inclusively, involving the biosynthesis of steroid hormones and bile 

acid. Sun et al., and Feng et al., developed a selective and sensitive fluorescent 

method for cholesterol detection based on carbon dot nanoprobes functionalized with 

β-cyclodextrin via competitive host-guest recognition [117, 15]. 
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5. Carbon dots for targeted drug delivery 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Schematic depicting various applications for carbon dots. Adapted with 

permission from Ref: 103 [103]. 

5.1. Carbon dots traversing the Blood-Brain Barrier 

Neurodegenerative diseases pose a threat to the health and wellbeing of future 

generations in that the neurotherapeutics currently available, are unable to effectively 

cross the BBB [119]. This results in increased dosages being administrated to patients 

over prolonged periods of time. This ultimately results in increased frequencies of side 

effects suffered by patients and ultimately results in decreased patient compliance 

long term. 
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Carbon dots show promise as vehicle transporters for neurotherapeutics across the 

BBB effectively and efficiently. Mintz et al., showed that tryptophan can be utilized to 

synthesize carbon dots which are able to effectively cross the BBB, due to the fact that 

tryptophan itself is readily able to cross the BBB. Tryptophan was utilized as an amino 

acid to cross the BBB via LAT1 transporter-mediated endocytosis. The researchers 

doped carbon dots with nitrogen from two different sources i.e. urea and 1,2-

ethylenediamine. These carbon dots were observed crossing the BBB of zebrafish 

[119]. It has been reported by Wiley et al., that transferrin-containing gold 

nanoparticles were able to reach the parenchyma of the brain when administered 

systemically [120].  

 

Dixit et al., performed an in vitro study and proved that the utilization of human brain 

cancer lines (LN229 and U87) showed that transferrin receptor- targeted gold 

nanoparticles were able to deliver the pro-drug into the mitochondria of the glioma 

cells [121]. Jiang et al., proved that in addition to the ability of these transferrin 

conjugates to traverse the BBB effectively, transferrin-conjugated superparamagnetic 

iron oxide nanoparticles were able to be internalized by C6 glioma cells and detection 

was enabled via magnetic resonance imaging (MRI) [122].  

 

5.2. Carbon dots and their application in CNS drug delivery. 

Alzheimer’s disease is a result of amyloidogenesis, which occurs due to the 

conversion of proteins or peptides from a soluble state to insoluble amyloid fibrils with 

rich ß-sheet structures. In Alzheimer’s disease patients, the major component of 

amyloid plaques is amyloid ß (A ß). The production of A ß is due to the proteolytic 

cleavage of the amyloid precursor protein to form peptides of 40-42 amino acids in 

length [123]. Huang et al., demonstrated the use of carbon dots for the successful 

detection of monomeric A ß peptides. In addition to this, they proved the feasibility of 

utilizing carbon dots for the monitoring of A ß fibrillar process. In comparison to the 

conventional Thioflavin T (ThT) detection process, carbon dots illustrated comparable 

detection due to monomer binding mechanism, which the conventional ThT detection 

method lacks. Carbon dots can thus be utilized in the early detection of Alzheimer’s 

disease [124]. 
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A myriad of studies has indicated that the APO e4 allele could be the major risk factor 

for several diseases such as Parkinson’s, Alzheimer’s and Huntington’s disease. The 

APO e4 allele is one of the three common alleles, apolipoprotein E. Apolipoprotein E 

is recognized as a lipid transport protein. Mars et al., reported the use of carbon dots, 

electropolymerized with curcumin as a dual fluorometric and electrochemical platform 

to sense the APO e4 allele. The analytic performance illustrated a high efficacy, 

selectivity and stability. The platform showcased its applicability as a dual DNA sensor 

in the clinical fluid where it illustrated a high sensitivity response toward DNA targets 

even in human plasma [125]. Tisch et al., reported a proof-of-concept for the feasibility 

of the novel diagnostic tool for the early detection of neurodegenerative diseases, 

utilizing carbon nanomaterials as a sensor- array biomarker test, with Parkinson’s and 

Alzheimer diseases as examples for illustration. The carbon nanomaterials function to 

detect patterns of volatile organic compounds (VOCs) in exhaled breath. Disease 

specific breath prints prove advantageous as easily accessible biomarkers. These 

researchers proved that the carbon nanomaterial biosensors were able to clearly 

distinguish between Parkinson’s and Alzheimer’s patients due to the significantly 

different chemical composition of the exhaled breath [126]. 

 

Liu et al., demonstrated that carbon nanowires and nanotubes can be utilized in neural 

repair and the regeneration process of neuronal cells. These carbon nanomaterials 

can be utilized as precursors for carbon dots and exude an effect on cellular signal 

transmission. These carbon nanomaterials show promising results for the 

improvement of cerebrovascular dysfunction after brain tumours, the augmentation of 

neuronal cell function within brain tissues and the diagnosis and treatment of brain 

diseases [127]. Diseases of the CNS are augmented by an increased level of reactive 

oxygen species (ROS). Fullerenes can be utilized as a precursor for carbon dots, and 

have been proved by Ali et al. to act as a radical “sponge”. They are able to incorporate 

multiple radicals per molecule and remove superoxide radicals via a dismutation 

catalytic mechanism [128]. Another study proved that a fullerene C60 loaded with tris-

malonic acid derivative resulted in the life span increase of mice lacking mitochondrial 

superoxide dismutase by 300%. Das et al., proposed another class of compounds, 

cerium oxide nanoparticles (nanoceria) as neuroprotective agents. They performed in 

vitro experiments on isolated rat spinal cord neurons and proved that nanoceria 

protected cells from cell death due to oxidative stress [129]. 
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5.3. Carbon dots in Chemo-therapeutic applications 

Cancer has been a grave challenge to overcome due to the fact that it possesses 

unpredictable bio-physiological as well as molecular biological alterations which occur 

during the progression of the cancers and these factors ultimately lead to making its 

diagnosis as well as its treatment a daunting task [130]. The challenge posed by 

chemotherapy is the limited delivery of active therapeutics to the microenvironment of 

tumours. This is due to the aberrated surroundings of tumours, which is a result of the 

structural and metabolic alterations that occur during the cancerous transformation of 

cells [130]. Pandey et al., proved that carbon dots are a powerful vehicle for the 

transport of therapeutics to the solid tumours [131]. Wang et al. [132] showed that 

photothermal therapy (PTT) is able to eliminate tumour cells via the conversion of 

near-infrared light (NIR) into cytotoxic heat. They were able to prove that the NIR light 

of wavelengths 700-1100 nm has an ability to trigger efficient cancer therapy. This is 

due to the characteristics of this light, which include good tissue transparency, 

accuracy, precision and non-invasive application. They utilized carbon dots as NIR-

triggered systems to trigger cancer therapy and for the delivery of doxorubicin to tumor 

sites [132]. 

 

Zheng et al., [133] functionalized an amino group onto the surface of carbon dots with 

oxaliplatin (oxa-C-dots) via a coupling reaction. This combined the optical properties 

of the carbon dots and the chemotherapeutic nature of oxaliplatin. This proved to have 

anticancer as well as bio-imaging properties and the Oxa-C-dots altered the internal 

environment of cancer cells and entered the cells via endocytosis. Oxaliplatin could 

be monitored in vivo due to the fluorescent nature of carbon dots [133]. Lai et al., [134] 

embarked on proving that carbon dots conjugated to mSiO2-PEG were able to serve 

as vehicles for Doxorubicin in HeLa cells [134]. Wang et al., [135] also reported the 

advantages of utilizing hollow carbon dots as a drug delivery vehicle for the delivery 

of Doxorubicin. The monitoring of chemotherapy was simplified due to the fluorescent 

nature of carbon dots and the delivery of the drug to the tumour sites was efficacious 

due to the biocompatible nature of carbon dots [135]. Figure 7 below depicts the 

chemotherapeutic drug loading of carbon dots as well as the mechanism of action in 

tumour cells. 
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Figure 7: Schematic demonstrating the chemotherapeutic drug-loading of carbon dots 

as well as the mechanism of action within tumour cells. Adapted with permission from 

[121]. 

 

5.4. Carbon dots in Gene therapy 

In order for gene therapy to have promising results, the vehicles utilized for carrying 

therapeutics must possess inherent safety and efficient drug-carrying abilities. Carbon 

dots possess abundant fluorescent and biocompatible properties, which make them 

best suited for this field of therapeutics. Liu et al., [137] utilized carbon dots which had 

polyethylenimine (PEI)-branched PEI 25 kDa (BPEI-25K)] functionalized to the surface 

for the transfection of DNA. These PEI functionalized carbon dots functioned as 

transfection agents and they illustrated low cytotoxicity and excellent water solubility 

[137]. Kim et al., [138] worked on the in vitro transfection of DNA. They monitored 

cellular plasmid trafficking as well. The researchers compared carbon dots 

functionalized with PEI (PEI-C-dots), carbon dots functionalized with PEI-AU (gold 

colloids) and carbon dots functionalized with plasmid DNA (pDNA) for gene delivery. 
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The researchers found that the initial connection between PEI-C-dots and PEI-AU 

showed weak fluorescence during transfection but, at a high concentration, pDNA and 

high fluorescence were recorded due to the dissociation of PEI-C-dots from PEI-AU, 

which ultimately allowed successful gene delivery [138].  

 

Zhang et al., [139] developed carbon dots functionalized with hyaluronic acid and PEI 

for gene therapy. The researchers found that these carbon dots had excellent gene 

condensation capacity, good biocompatibility and good water dispersibility [139]. Han 

et al., [140] developed a novel gene delivery strategy by the utilization of carbon dots 

functionalized with Bpei25k, which acted as tumor necrosis factor-Related Apoptosis 

Inducing Ligand (TRAIL) agents. These TRAIL agents are efficacious against 

tumorous cells and are gaining growing interest from the oncology community. These 

functionalized carbon dots illustrated enhanced gene transfection efficiency in human 

mesenchymal stem cells (hMSCs) [140].  

 

Jaleel et al., [47] found that the protein, tissue-necrosis factor (TNF-α), possesses anti-

tumor activity and is a promising candidate for gene therapy. The researchers found 

that utilizing carbon dots synthesized from chitosan increased the transfection 

efficiency of the TNF-α gene in tumor cells. They also found that the conjugation of 

this protein to carbon dots enabled favourable stability and efficient gene delivery [47]. 

Figure 8 below demonstrates the mode of action of carbon dots in gene therapy. 

 

 

 

 

 

 

 

 

 



36 
 

 

 

 

 

 

 

 

 

 

Figure 8: Schematic portraying mode of action of carbon dots in gene therapy. 

Adapted with permission from [103]. 

 

5.5. Carbon dots in Antimicrobial therapy. 

Thakur et al., [141] reported a novel microwave-assisted synthesis of carbon dots 

utilizing Gum Arabic (GA), as a molecular vehicle to ferry ciprofloxacin hydrochloride, 

in which ciprofloxacin is a broad-spectrum antibiotic. They found that carbon dots can 

act as an effective nano-sink for ciprofloxacin delivery. Ciprofloxacin was easily 

anchored to the self-functionalized carbon dots without the need for stringent 

protocols. They found that these ciprofloxacin carbon dot conjugates exuded potent 

antimicrobial activity against both gram-positive (Bacillus subtilis and Staphylococcus 

aureus) and gram-negative (Escherichia coli and Pseudomonas aeruginosa) bacteria 

[141]. Ardekani et al., [142] functionalized carbon dots with metronidazole to combat 

periodontal disease caused by the gram-negative bacteria Porphyromonas gingivalis. 

The carbon dots were derived from chlorophyll. The researchers found that these 

carbon dots enhanced the penetration of metronidazole through the cell cytoplasm 

into the epithelial cells, hereby significantly increasing the local concentration of 

metronidazole inside the epithelial cells. This ultimately decreased the number of 

colonies by 99%. It was found that such formulations can be utilized to eliminate 

Porphyromonas gingivalis from the oral cavity [142]. 
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Sattarahmady et al., [53] demonstrated the bactericidal effects of carbon dots on the 

gram-positive bacterium Staphylococcus aureus. They found that the primary reason 

for the bactericidal effect of carbon dots was their light-absorbing and cell capturing 

abilities. The researchers employed near-infrared (NIR) irradiation to increase the 

solution temperature, which resulted in the induction of reactive oxygen species (ROS) 

production and damage to the bacterial cell walls. These processes stimulated the 

destruction of protein function, enzymes and lipids in the bacteria; ultimately inducing 

bacterial death. They were also able to prove that the photothermal treatment (PTT) 

effect of carbon dots exuded toxic effects in S. Aureus and Methicillin-resistant S. 

Aureus (MRSA), which were concentration-dependant and resulted in higher content 

diffusion, higher membrane permeability, cell wall disruption and oxidative stress [53]. 

 

Dong et al., [143] reported the antiviral effect of carbon dots on the Norovirus (NoV) 

strains causing human infection i.e. GI.1 and GII.4 virus-like particles (VLPs). The 

carbon dots were functionalized with either 2,2’-(ethylenedioxy)bis(ethylamine) (EDA-

CDots) or 3- ethoxypropylamine (EPA-CDots). The researchers found that carbon dots 

induced efficient inhibition of VLPs’ binding to saliva human blood group antigen 

(HBGA) receptors in the gastrointestinal tract. Between the two types of carbon dots, 

the positively-charged EDA-CDots proved much more effective than the negatively 

charged EPA-CDots as compared to the inhibition of VLPs binding to HBGA receptors. 

This was due to the EDA-CDots binding being much more favourable to the negatively-

charged VLPs. The researchers found that these carbon dots also exuded inhibitory 

effects on the binding of VLPs to their respective antibodies. However, this measured 

significantly less to the inhibition of VLPs binding to HBGA receptors. Dong et al., [143] 

demonstrated proof-of-concept of the antiviral activity of carbon dots via the inhibition 

of virus binding to HBGA receptors. This looks promising for the inhibition of human 

NoV (HuNoV) infection due to the disabling of HuNoV, recognizing their binding sites 

on host cells [143]. 

 

Abu Rabe et al., [144] proved through their findings that carbon dots are emerging as 

a new class of photo-activated effective antibacterial agents. The researchers 

synthesized carbon dots with various surface passivations. Firstly, carbon dots with 

small passivation molecules of different groups/charges were synthesized by 

functionalizing the carbon dot surface with 2,2- (ethylenedioxy)bis (ethylamine) (EDA) 
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and 3-ethoxypropylamine (EPA). Secondly, carbon dots with passivation polymers of 

tunable surface charges and sizes were synthesized by functionalizing the carbon dot 

surface with oligomeric polyethyleneimine of different molecular weights; PEI, Mw= 

~1,20034 g/mol and PEI, Mw= ~600 g/mol [144]. These carbon dots were tested 

against gram-positive Bacillus Subtilis and the study elucidated to the fact that the 

surface charge on the carbon dots dominated carbon dot and bacterial cell interaction. 

The carbon dots illustrated effective photo-activated antimicrobial activity against the 

Bacillus subtilis bacterium [144]. Figure 6 above summarises some biomedical 

applications of carbon dots. 

6. Conclusions 

CDots provide a safer, more selective and sensitive, cheaper and time-efficient 

alternative to conventional drug delivery systems. Due to the large surface area, high 

drug-loading capacity and easily functionalized surfaces of these nanomaterials, 

carbon dots are ideal for the delivery of drugs to specific target sites. Their easily 

functionalized surfaces allow for attachment of site-specific ligands enabling the 

delivery of drugs to specific receptors on specific target organs in the body, decreasing 

the side-effects that patients experience and increasing the overall patient compliance 

and quality of life. This property is subjecting chemotherapy to major improvements as 

these CDots are able to deliver chemotherapeutic drugs to cancerous tumor cells, and 

leave the healthy cells unharmed. CDots are also very effective in gene therapy. In 

order for gene therapy to be efficacious and successful, the delivery of the system has 

to be safe and specific. CDots provide both safe and target-specific drug delivery, 

making them ideal for gene therapy. CDots have proven efficacious in neurological 

diseases such as, but not limited to, Alzheimer’s and Parkinson’s disease. Owing to 

the fact that carbon dots can be synthesized from various biodegradable polymers, 

they exude controlled drug release properties. These carbonaceous nanodots have 

proved extensively beneficial in additional biomedical fields, including, but not limited 

to, chemo-sensing, bio-sensing, bio-imaging, and antimicrobial therapy. However, the 

application of CDots in tissue regeneration, sexually transmitted diseases (STDs) and 

sexually transmitted illnesses (STIs) has hardly been documented. CDots show much 

promise for future advancement and applications in pulmonary diseases and cell 

labelling. 
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CHAPTER 3: CRITICAL EVALUATION OF THE PHYSICOCHEMICAL AND 

PHYSICOMECHANICAL PROPERTIES OF A NOVEL LOADED AND UNLOADED 

CARBON DOT SYSTEM 

 

3.1. INTRODUCTION 

Carbon dots have emerged as a fascinating new carbonaceous nanomaterial which 

can be applied in various fields of drug delivery [1]. These nanomaterials pose an 

alternative to the semi-conductor quantum dot which possesses limitations such as 

high toxicity [2]. Carbon dots however have been classified as a new class of the 

smallest, biocompatible nanomaterial [1] and have been shown to have a higher drug-

loaded capacity as opposed to quantum dots which are larger [1]. One of the most 

prominent properties of this nanomaterial is the allowance for targeted drug delivery 

[3]. In addition to the site specificity of carbon dots, they are also able to be synthesized 

from precursors which enhance the penetration of the target organ in question [1] or 

can even have the surface passivated with target specific ligands or precursors in 

order to facilitate the target specific delivery of drugs to specific sites [3,4]. This 

ultimately increases bioavailability of the drug as well as decreases systemic side 

effects suffered by patients [3,4]. This is all due to the easy surface passivation of 

carbon dots [3,4]. 

 

Carbon dots have thus been selected as the drug delivery vehicle for dopamine to the 

brain via the intranasal route for the treatment of Parkinson’s’ Disease (PD). The gold 

standard at the moment is Levodopa. The challenge presented here is that it is an oral 

formulation and dopamine is readily metabolized in the gastrointestinal tract (GIT) [5]. 

This results in low concentrations of dopamine actually reaching the brain. This 

concentration is lowered further by the strict protective mechanisms of the Blood-Brain 

Barrier (BBB) [1]. This results in higher dosages of drug required in an attempt to 

circumvent these obstacles [1]. As this project endeavours to present a solution to 

overcome the obstacles mentioned above, the physicochemical and morphological 

properties and characteristics are detailed below. The physicochemical characteristics 

of the carbon dot system was analysed by Fourier Transform Infrared Spectroscopy 

(FTIR), Differential Scanning Calorimetry (DSC), X-ray Diffraction (XRD), Zeta 
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potential and Rheology. The morphological properties of the system were analysed by 

Zeta size and TEM. In vitro drug entrapment and drug release studies was also carried 

out and is explicated below. Cytotoxicity studies were conducted in order to determine 

the toxicity of the system and is further described below. 

 

3.2. Methods and materials 

3.2.1. Materials 

Chitosan (CHT) (medium molecular weight), Sodium Alginate, Dopamine 

Hydrochloride, Tween 80, Phosphate buffered saline tablets (pH 7.4), Glacial acetic 

acid, Cellulose dialysis tubing (MWCO= 14KDa) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Sodium Hydroxide pellets were purchased from Merck (Pty) Ltd 

(Estate South, Modderfontein, Gauteng, South Africa,). Sodium citrate was purchased 

from Associated Chemical Enterprises (Theta, Johannesburg south, South Africa), 

Urea was purchased from Rochelle Chemicals (Electron, Johannesburg, South 

Africa). PC12 cell line was purchased from Cellonex (Separations, South Africa). The 

MTT assay and Ham’s F12 medium was purchased from Roche & Gibco 

Thermoscientific (East Rand, Gauteng, South Africa) and MilliQ deionized water.  

 

3.2.2. Synthesis of carbon dots 

The synthesis method was modified from Hou et al., [22]. Sodium citrate (486mg) and 

urea (1330mg) were weighed out and transferred into a 100mL glass beaker. Tween 

80 (0.5mL) and MilliQ (10mL) deionised water was then added to the beaker. The 

mouth of the beaker was secured with aluminium foil. The beaker was then placed on 

a magnetic stirrer and then left under constant magnetic stirring at 150rpm, at 160°C. 

The reaction proceeded for half an hour. The resultant solution was then dialysed 

against MilliQ deionised water for 6 hours to remove residual sodium citrate, urea and 

surfactant. The carbon dots were then lyophilized utilizing a Freezone 12 freeze drier 

(Labconco, Kansas City, USA). The carbon dots were left to lyopholize for 12 hours at 

-80°C. Caution was exercised to not over-lyopholize as this would extract the 

molecular water from the carbon dots and destroy the sample. The product was then 

stored at room temperature for further use. 
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3.2.3 Surface passivation of carbon dots by attachment of dopamine to the 

carbon dot surface 

A 1mg/mL stock solution of dopamine was prepared by dissolving 100mg dopamine 

hydrochloride solution in 100mL MilliQ deionised water. Attachment of dopamine was 

performed simultaneously during the carbon dot synthesis. 1mL of the dopamine stock 

solution was added to the 100mL beaker before it was placed onto the magnetic stirrer. 

 

3.2.4. Nanogel synthesis 

The Chitosan-Alginate nanogel was synthesised according to the method by Park et 

al. [6] with modifications. A 3% w/v solution of Chitosan was prepared by dissolving 

300mg Chitosan in 100mL of 0.2M glacial acetic acid and stirring overnight to ensure 

complete homogeneity. Once the solution was completely dissolved, 0.1M NaOH was 

added slowly to the solution to neutralize the pH. The neutralization of the pH allows 

a gel-like precipitate to form [6]. The precipitate was then washed twice with MilliQ 

deionised water. A 3% w/v solution of sodium alginate was prepared by dissolving 

300mg sodium alginate in 100mL deionised water. The solution was left to stir until 

completely dissolved. The chitosan and sodium alginate solution were mixed in a 1:1 

ratio and then treated at 50W for 60s using a sonicator (Sonics vibra cell, Newtown, 

7CT, USA) [6]. The nanogel was then stored between 4-8°C for further use. 

 

3.2.5. Box Benkhen design study for optimization of the carbon dot formulation 

A Box-Benkhen 2 factor experimental design was generated to determine an 

optimized carbon dot formulation. Minitab® V15 statistical software (Minitab® Inc., PA, 

USA) was utilized. The employed variables were the duration of reaction, the volume 

of the surfactant and the concentration of the reagents. These variables were 

evaluated for their effect on zeta size and zeta potential. The independent and 

dependant variables are listed in Table 2. The design template generated 15 

formulations as depicted in Table 3.  
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Table 2: The independent and dependant variables generated by the experimental 

design. 

Response Goal Lower Target Upper Weight Importance 

Zeta 

potential 

(mV) 

Minimum  -2 -1 1 1 

Size (nm) Target 10 15 50 1 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 
 

Table 3: Formulations generated by the experimental design. 

Formulation Reaction 

time (min)  

Surfactant  Total 

Polymer 

(mg) in 1:3 

ratio 

Mass (mg) in 1:3 ratio 

Sodium 

Citrate  

Urea  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

38 

38 

60 

38 

60 

38 

16 

60 

38 

60 

38 

16 

38 

16 

12.5% 

12.5% 

50% 

50% 

50% 

12.5% 

20% 

50% 

20% 

12.5% 

12.5% 

20% 

12.5% 

12.5% 

20% 

200 

1100 

2000 

1100 

200 

2000 

2000 

1100 

1100 

1100 

200 

200 

2000 

1100 

1100 

50 

275 

500 

275 

50 

500 

500 

275 

275 

275 

50 

50 

500 

275 

275 

150 

825 

1500 

825 

150 

1500 

1500 

825 

825 

825 

150 

150 

1500 

825 

825 

  

Following extensive preformulation studies, these variables were found to have a 

direct impact on the particle size and Polydispersity index (PDI) of the carbon dots. As 

the reaction time increased, this resulted in an increase in size and PDI. A decrease 

in surfactant concentration lead to an increase in particle size and PDI. It was 

determined that as the concentration of sodium citrate and urea increased, the particle 
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size and PDI increased as well. As the focus was to synthesize a formulation with the 

smallest possible size and PDI, these variables played a pertinent role in constructing 

the optimized formulation with these desirable properties.  

 

3.2.6. Fourier Transform Infrared Spectroscopy (FTIR) 

Every molecule has a vibrational spectrum which is considered to be a unique physical 

property of that molecule and is characteristic of that specific molecule [7]. Hence, 

Fourier Transform Infrared Spectroscopy (FTIR) was utilized to evaluate the 

vibrational changes in chemical structures of compounds utilized in this project. The 

FTIR spectra of the pristine polymers, reagents, pure drug, loaded- and unloaded 

carbon dot systems was detected using a PerkinElmer Spectrum 2000 ATR-FTIR 

Spectrometer. The instrument employed a single-reflection diamond MIRTGS detector 

(PerkinElmer Spectrum 100, Wales, UK). Each sample was carefully placed on the 

single bounce diamond crystal and the analysis was carried out by the universal ATR 

polarization accessory. The parameters set are outlined in table 4 below. 

 

Table 4: Parameters set for FTIR analysis. 

Wave range 

Resolution 

Number of scans 

Constant pressure 

4000-650 cm-1 

4 cm-1 

20 

110 psi 

 

3.2.7. Thermal properties of the pristine reagents, pure drug, loaded and 

unloaded carbon dot systems using Differential Scanning Calorimetry (DSC) 

analysis 

This is a thermo-analytical technique which functions to determine the difference in 

the amount of heat required to elicit an increase in temperature of a sample and 

reference. This is measured as a function of temperature [8]. The thermal properties 

of the pristine reagents, pure drug, loaded- and unloaded carbon dot systems were 
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determined utilizing a Mettler Toledo DSC-1 STARe system (Mettler Toledo, DSC1, 

STARe System, Swchwerzenback, Switzerland). Samples ranging between 3-10mg 

were weighed into a 40μL aluminium crucible pan and sealed. A small hole was 

pierced into the lid of the pan to allow for dissipation of pressure. Samples were 

analysed from 30-300°C, with a temperature ramp of 10°C/min. All analysis was 

carried out under inert atmospheric conditions with a flow rate of 50ml/min of N2 gas.  

  

3.2.8. X-Ray Diffraction (XRD) analysis of the carbon dot 

This is a technique that uses the X-ray scattering phenomenon to explicate the crystal 

structure of materials which are crystalline or semicrystalline [9]. It employs scattering 

of x-rays by periodic array of atoms which gives rise to definite diffraction patterns and 

this in turn confers a qualitative image of atomic arrangements within the crystal lattice 

[4]. The carbon dot system was analysed utilizing a Rigaku MiniFlex600 Benchtop X-

ray Diffractometer (Rigaku Corporation, Tokyo, Japan) with CuKα radiation at 15 mA 

and 40 kV. The sample was fixed to the sample holder using double-sided tape. The 

parameters employed were: 2θ range set: 2-90° and a scan rate set: 10°/min. Samples 

were run on the Rigaku MiniFlex Guidance version 1.2.0 software and evaluation of 

the data was carried out on Rigaku PDXL Basis software. 

 

3.2.9. Rheological analysis of the nanogel 

Rheology refers to the science of studying flow and deformation of materials [10]. It is 

concerned with the relationship between shear strains, sheer stress and time [11]. It 

is also used to determine the viscosity of a material. Viscosity is the resistance of a 

liquid to flow [10]. The viscoelastic behaviour of the nanogel was evaluated by using 

0.2mL of the synthesized chitosan-alginate (CHT-ALG) nanogel which was incubated 

for half an hour. The instrument employed was a Modular Advanced Rheometer 

(ThermoHaake MARS Modular Advanced Rheometer, Thermo Electron, Karlsruhe, 

Germany). This instrument determined the G’ (dynamic storage modulus), G’’ (loss 

modulus) and viscosity of the nanogel. The parameters set are outlined in Table 5. 
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Table 5: Parameters set for Rheological analysis of CHT-ALG nanogel. 

Damping 

Cone and plate gap 

Temperature 

Driver version 

M-factor 

A-factor 

Inertia 

30.00 

0.0051m 

37°C 

0.29 

57.010 rad/s 

89051.00 Pa 

1.721 X 10-6 kg m2 

 

3.2.10. Particle size and zeta potential analysis of carbon dot formulations 

Determination of the zeta potential is a vital step as it is one of the key properties of a 

particle that affects the stability of the particle as well as its cell adhesion [12]. The 

zeta potential values can be positive or negative and affect the stability of the 

formulation. This is due to electrostatic repulsion between particles of like charges 

which leads to particle segregation [12]. All Box-Benkhen formulations (0.5mL for zeta 

size and 1mL for zeta potential) were placed into a cuvette and analysed using a 

ZetaSizer Nano ZS instrument (Malvern Instruments Ltd. UK). 

 

3.2.11. Morphological characteristics of the system using Transmission electron 

microscopy (TEM) 

The use of Transmission electron microscopy (TEM) is considered to be the most 

popular technique for analysing nanoparticles due to the TEM providing chemical 

information and images at a spatial resolution equal to that of atomic dimensions [13]. 

The structural morphology of the carbon dot system was evaluated utilizing TEM (Jeol 

1200 EX, Japan). The lyophilized carbon dot sample was redispersed in distilled water 

and allowed to completely dissolve. A drop was then placed onto the 200-mesh thick 

formvar copper grid (TABB Laboratories Equipment, Berks, UK), by use of a pipette. 

The grid was left on filter paper for a while, at room temperature, to allow the distilled 

water to completely evaporate before analysis. 



63 
 

3.2.12. Drug loading and drug release analysis 

Drug loading of the carbon dot system was undertaken by adding 1mL of the 1mg/mL 

stock solution of dopamine to the reagents while synthesizing the carbon dots. This 

approach was selected to ensure maximum drug entrapment. The loaded carbon dot 

system was then dialyzed against MilliQ deionized water for 6 hours to remove 

residual drug. The dialysis tubing was then placed in fresh MilliQ deionized water and 

left to dialyze for a set period. The drug entrapment was calculated as follows: 

 

 

%𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑦 =  
Theoretical amount of drug loaded –  Free drug

  𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑  
 𝑋 100 

                                           

          (Equation 1) 

 

The concentration of the free drug was evaluated utilizing a UV spectrophotometer, at 

wavelength 280 nm (IMPLEN NanophotometerTM, Implen GmbH, München 

Germany). 

 

In vitro drug release studies were carried out by placing the loaded carbon dot solution 

in dialysis tubing and then in a beaker containing MilliQ deionized water. The drug 

release was carried out in Phosphate Buffer Saline (PBS) buffer at two pH values i.e. 

5.5 for nasal pH and 7.4 for blood pH. The beakers were placed in an orbital shaker 

incubator (LM-530-2, MRC Laboratory Instruments Ltd, Hahistadrut, Holon, Israel) at 

37 ± 0.5°C, with 50 rpm, for incubation. At every time point, 2mL of solution was 

withdrawn from each beaker and replaced with 2mL of fresh PBS buffer to maintain 

sink physiological conditions throughout the entire study. The data was analysed using 

a UV spectrophotometer, at wavelength 280 nm (IMPLEN NanophotometerTM, 

Implen GmbH, München Germany). 

 

3.2.13. Cytotoxicity studies 

In vitro cell studies were undertaken to determine the cytotoxicity of the carbon dot 

systems. A rat adrenal pheochromocytoma PC12 cell line was used for the analysis. 
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The cell line was cultured in Ham’s F12 medium supplemented with 15% Donor 

Equine Serum (DES), 2.5% Foetal Bovine Serum (FBS) and 1% 

Penicillin/Streptomycin. The cell line was cultured in a humidified 5% CO2 atmosphere 

at 37°C.  

To determine cytotoxicity, a 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium 

bromide (MTT) assay was performed [9]. This assay is a sensitive and reliable 

indicator of cellular metabolic activity. This assay functions on the reduction of MTT, a 

yellow tetrazolium dye which was water-soluble [14]. The reduction of the MTT 

happens primarily by the mitochondrial dehydrogenases in the cells. The tetrazolium 

dye is transformed into purple formazan crystals [14]. The formazan crystals are then 

dissolved in Dimethyl Sulfoxide (DMSO) and then analyzed spectrophotometrically. 

The spectra of treated and untreated cells give an estimate of cytotoxicity [14].  

PC12 cells were seeded into the 96-well plate at a density of 5 x 104 cells/mL. Ninety 

(90) µL of PC12 cell suspension was added into each well of a 96-well plate. This was 

then incubated for 24 hours. The cells were then treated with the pure drug, loaded 

carbon dots and unloaded carbon dots. This was incubated for 48 and 72 hours. After 

48 hours, 10µL of MTT solution was added and the well plate was then incubated for 

4 hours. After 4 hours 100µL of solubilizing agent, i.e. Dimethyl Sulfoxide (DMSO), 

was added. The well plate was then read the next day using a multiplatereader 

(BioTek, USA). The Relative cell viability was then calculate using the formula below: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 % =  
 𝐴𝑠𝑎𝑚𝑝𝑙𝑒

Apositive control 
 𝑋 100 

          (Equation 2) 

Here, Asample is representative of the absorbance of the treated cells and Apositive control, 

i.e. 5-fluorouracil, is representative of the positive control, in the absence of treatment. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Evaluation of the unloaded- and dopamine-loaded carbon dot systems.  

3.3.1.1. Evaluation of Box-Benkhen optimization  

Each formulation, from Table 2, was synthesized and the data and responses obtained 

after analysis was then run by the mathematical design in order to attain the optimized 
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formulation. This was carried out to determine the greatest possible correlation for the 

optimized formulation [15]. The formulations were then analysed to evaluate the zeta 

size and potential of the formulations and to optimize the carbon dots for the smallest 

size, PDI and best zeta potential. The results are illustrated in Table 6 below. 
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Table 6: Zeta size and zeta potential results of the Box-Benkhen design formulations. 

Formulation Particle size 

Average 

Zeta 

potential 

Average 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

12.69 

13.47 

22.28 

16.67 

10.40 

21.70 

27.41 

11.54 

15.87 

13.43 

39.24 

13.22 

14.27 

88.67 

17.75 

-0.399 

0.313 

1.865 

-0.682 

-2.61 

1.757 

0.014 

-0.692 

0.385 

0.373 

-0.173 

-0.675 

0.786 

-0.384 

0.356 

 

The results were subsequently analyzed and the optimized formulation and predicted 

responses were generated, as illustrated by Tables 7-9 respectively, below. 
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Table 7: Optimized formulation generated by Box-Benkhen design. 

Solution Time 

(min) 

Surfactant 

(mL) 

Total 

Polymer 

(mg) 

Zeta 

potential 

(mV) 

Fit 

Size 

(nm) 

Fit 

Composite 

Desirability 

1 29.9 0.5 486 -2 15 1 

 

Table 8: Multipurpose prediction table illustrating the optimal variables generated by 

the Box-Behnken design. 

Variable Setting 

Time (min) 

Surfactant (mL) 

Total Polymer (mg) 

29.9372 

0.5000 

4861330 

 

The design of experiments generated Solution 1 as the optimized (unloaded) 

formulation. As shown in Tables 7 and 8, the optimal reaction time was 30 minutes, 

the optimal surfactant volume was 0.5mL and the optimal mass of sodium citrate and 

urea was 486mg and 1330mg, respectively. The optimal responses are also depicted 

in Table 7. The design set a minimum zeta potential value at -2mV and a particle size 

of 15nm that was achievable within the formulation parameters for the optimal 

formulation. Reaction time was a factor that affected the size of the carbon dots in that 

as the reaction time increased, the size would increase [22]. The reaction time for the 

optimized formulation thus needed to allow for a small particle size to form, as further 

described in this chapter. The concentration of surfactant also affected the particle 

size in that as it increased, the particle size too would increase. The amount of reagent 

in the solution impacted the particle size by virtue of the fact that as the masses of 

sodium citrate and urea increase, the particle size increased accordingly. The design 

focused on identifying a formulation that would present the smallest size and most 

stable zeta potential. This is evident in Tables 7-9 above. The optimized formulation 
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presented carbon dots with an actual particle size of 10.34 nm therefore conforming 

to the very definition of a carbon dot [1].  

3.3.1.2. Particle size and zeta potential analysis of the unloaded- and dopamine-

loaded carbon dot optimized formulations. 

Determination of the particle size of these formulations was imperative as the particles 

had to fall within a certain size range to be classified as carbon dots, as well as for 

effectively cross the BBB to enable increased and efficient neuroavailability of 

dopamine in the brain. Carbon dots generally have a size of less than or equal to 10nm 

[1, 16]. The zeta size analyses are illustrated in Figures 10 and 11 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Zeta size analysis of the unloaded carbon dot optimized formulation  
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Figure 11: Zeta size analysis of the dopamine-loaded carbon dot optimized 

formulation. 

The unloaded and dopamine-loaded carbon dot formulations were analysed for 

particle size was found to be 10.82nm and 10.34nm, respectively. The overall size of 

the carbon dot adjusted very slightly before and after the addition of dopamine. 

The polydispersity index (PDI) of a sample is indicative of the heterogeneity of said 

sample on the basis of size and uniformity of particles [17,18]. This polydispersity can 

occur due to the aggregation or agglomeration of a sample during isolation or analysis, 

as well as due to the size of a sample [17]. The PDI of the unloaded and dopamine-

loaded carbon dot samples was 0.308 and 0.259, respectively. This clarifies that the 

samples had a fairly narrow size distribution and were well-dispersed.  

A formulation which has a zeta potential value falling in a range of -30≤x≥+30 (mV) is 

indicative of having sufficient repulsive forces between the particles to enable the 

formulation to have optimal stability [19]. The zeta potential of the unloaded and 

dopamine-loaded carbon dot formulations was analysed and are illustrated in Figures 

11 and 12. The zeta potential value of the unloaded carbon dot formulation was -
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9.62mV and increased to -4.63mV for the dopamine-loaded carbon dot sample. The 

increase is due to the (NH2)+ Amine group provided by dopamine and therefore proves 

the surface passivation of dopamine onto the carbon dot surface. These zeta potential 

values were indicative of the tendency of carbon dots to layer. The solutions were well-

dispersed as proven by the PDI values, but carbon dots have an inherent characteristic 

of layering which gave rise to the zeta potential values [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Graph depicting the zeta potential analysis of the unloaded carbon dot 

optimized formulation. 
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Figure 13: Graph illustrating the zeta potential analysis of the dopamine-loaded 

carbon dot optimized formulation. 

The particle sizes of both the unloaded- and loaded carbon dot optimized formulations 

proved to fall within the range of identification as carbon dots. This was imperative so 

as to allow the easy and efficient traversal of the particles across the BBB. Carbon 

dots have a large surface area due to their small size and this favours the surface 

passivation of the carbon dots with dopamine in this research.  

 

3.3.1.3. FTIR Spectroscopy 

The FTIR spectra of the pristine reagents (urea and sodium citrate), pristine polymers 

(chitosan, sodium alginate), pure drug (dopamine), loaded- and unloaded carbon dot 

systems and the chitosan-alginate nanogel were detected and are depicted in Figures 

14 A-H below. Figure 14A shows the FTIR spectrum of urea. The sharp peak at 

3328.03cm-1 correlates to the N-H stretch of the amide functional group [20]. The 
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broad peak 2802.43cm-1 correlates to the C-H stretch of the carbonyl group [20]. 

Figure 14B depicts sodium citrate. The peak at 3445.43cm-1 correlates to an O-H 

stretch indicative of a hydroxyl functional group [21]. The peak at 1579.04cm-1 

correlates to a C-O stretch relating to a carbonyl group [21]. Figure 14C illustrates the 

FTIR spectrum of the unloaded carbon dot system. The sharp peak at 3423.02 cm-1 

correlates to an O-H stretch and the peak at 1676.06cm-1 correlates to a C=O group, 

both originating from sodium citrate [22]. The other sharp peaks at 3337.39cm-1 and 

1586.44cm-1 correlates to the N-H stretch and C-O stretch respectively, which both 

originate from urea [22]. Figure 14D demonstrates the FTIR spectrum of dopamine. 

The peak at 3333.21cm-1 correlates to the ArO-H H-bonded phenol functional group 

[23]. The sharp peaks at 1600.11cm-1 and 1616.09cm-1 correlate to the NH2 in plane 

bend of the amine groups on dopamine [23]. Figure 14E depicts the dopamine-loaded 

carbon dot. The broad peak at 3337.42cm-1 correlates to the ArO-H H-bonded 

phenolic functional group from dopamine [23]. The peak at 1634.61cm-1 correlates to 

the NH2 in plane bend of the amine groups on dopamine [23]. This further proves the 

surface passivation of the carbon dot with dopamine. Figure 14F shows the FTIR 

spectrum of chitosan. The broad peak at 3358.27cm-1 correlates to the O-H stretch 

indicative of a hydroxyl group [24]. The peaks at 1588.11cm-1 and 1148.51cm-1 

correlates to the NH2 in plane bend and the C-N stretch of the amine group on chitosan 

[24]. Figure 14G depicts sodium alginate. The broad peak at 3239.83cm-1 correlates 

to the O-H stretch of the hydroxyl group on sodium alginate [24]. Figure 14H illustrates 

the nanogel. The broad peak at 3281.85cm-1 correlates to the O=H stretch of the 

hydroxyl group donated by sodium alginate [24]. The peak at 1633.51cm-1 correlates 

to the NH2 in-plane bend of the amine group on chitosan [24]. This further proves the 

synthesis of the chitosan-alginate nanogel. 
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Figure 14 A-H: FTIR spectra of a) Urea, b) Sodium Citrate, c) unloaded carbon dot 

system, d) Dopamine, e) Dopamine-loaded carbon dot system, f) Chitosan, g) Sodium 

Alginate, h) Chitosan-Alginate Nanogel. 
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3.3.1.4. Thermal evaluation utilizing Differential Scanning Calorimetry (DSC) 

analysis 

DSC thermograms were evaluated for the thermal properties of the pristine reagents 

(urea and sodium citrate), pure drug (dopamine), loaded- and unloaded carbon dot 

systems to determine the melting points of each of them. Urea (Figure 15A) had two 

endothermic peaks at 134.25°C and 237.46°C. Sodium Citrate (Figure 15B) illustrated 

one endothermic peak at 161.48°C. There was a shift in the thermogram for the carbon 

dot after synthesis with urea and sodium citrate. Figure 15C represents the 

thermogram for the unloaded carbon dot where there were two endothermic peaks at 

67.93°C and 113.66°C. The shift in degradation temperatures further proves the 

synthesis of the carbon dots. Dopamine (Figure 15D) demonstrated one endothermic 

peak at 248.31°C. The dopamine-loaded carbon dot (Figure 15E) explicates two 

endothermic peaks at 120.65°C and 200.77°C. The shift in degradation temperature 

clarified in the thermograms of dopamine and the dopamine-loaded carbon dots 

further substantiates the successful surface passivation of dopamine on the carbon 

dot. 
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Figure 15A-E: Thermograms depicting a) Urea, b) Sodium citrate, c) Unloaded carbon 

dot system, d) Dopamine, e) Dopamine-loaded carbon dot system. 
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3.3.1.5. X-Ray Diffraction (XRD) analysis 

This analytical technique is non-destructive and was employed to determine the 

degree of phases in the unloaded carbon dot system. According to Braggs Law, 

Equation 3 below, in a crystalline sample, a lattice vector is correlated to each ring 

diffraction. The angle between the beam axis and the ring is the scattering angle. The 

analysis of the unloaded sample thus generates a diffractogram which is 

representative of the diffraction intensity to the scattering angle. Narrower peaks are 

produced by samples of greater crystalline nature and following this, broader peaks 

are produced by samples that are of a lower crystalline nature. 

𝑛 𝛾 = 2𝑑𝑠𝑖𝑛𝜃 

          (Equation 3) 

Where n is the integer, γ is the wavelength of the x-ray beam, d is the lattice planes 

distance and θ is Braggs angle. 

 

With reference to the diffractogram of the unloaded carbon dot system illustrated in 

Figure 16 below, it is clearly evident that the unloaded carbon dot system is 

significantly crystalline in nature. Hence, the molecular order in the crystal lattice is 

enhanced. 

 

 

 

 

 

 

 

 

Figure 16: Diffractogram depicting the unloaded carbon dot system. 
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3.3.1.6. Morphological characteristics of the optimized loaded carbon dot 

system using Transmission electron microscopy (TEM) 

The successful synthesis of the carbon dots was further substantiated by the TEM 

microscopy technique. Microscopy was able to readily detect several images of the 

carbon dots due to their photoluminescent properties. The carbon dots presented 

themselves as dark, circular dots. Each carbon dot had a distinctive boundary and 

they were circular in shape. The arrangement of the carbon dots showed spacing 

between the dots and there were no agglomerates or bunches of carbon dots. They 

were all positioned individually and not packed on top of one another. The small 

surface area of the carbon dots was present in the images, and this was instrumental 

in the impressive drug loading capacity of the carbon dots. Very little sample was 

utilized for TEM analysis and a myriad of carbon dots could be seen. Hereby proving 

the absolute efficiency in synthesis and cost-effectiveness. There were no residual 

substrates around or on the carbon dots. There were no extra layers on top of or below 

the carbon dots. The perfect arrangement and presentation of the carbon dots served 

as a confirmation that the synthesis process was not invasive and that the 

lyophilization process only preserved the carbo dots for further use but did not interfere 

with the overall structure and physical characteristics of the carbon dots. The structural 

template of the carbon dots was provided by urea and sodium citrate [22]. By utilization 

of the scale bar, the carbon dots were found to be ~10nm in size which further 

confirmed the zeta size analysis undertaken. The well-defined spherical carbon dots 

also confirmed that the synthesis process as well as lyophilization did not have a 

negative impact on formation of particles. Figures 17A-C below depict the TEM 

imaging of the carbon dots. 
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Figures 17A-C: TEM images of carbon dots. 

 

3.3.1.7. Rheological evaluation of nanogel  

The viscosity of the Chitosan-Alginate nanogel was evaluated at a temperature of 0-

50°C, at a rate of 1°C/min and employing a shear rate of 100s-1. Figure 18 clearly 

depicts that the nanogel was viscous in nature and that the viscosity increased with 

an increase in temperature. This is the ideal requirements for this system because 

when the nanogel is applied into the patient’s nasal cavity, the nanogel is required to 

be mucoadhesive so as to attach to the nasal mucosa and allow for optimal absorption 

of drug through the nose-to-brain barrier. The gel needs to be viscous in order to be 

retained in the nasal cavity and not run out of the nose. The nanogel has to however 

not become too viscous so as to cause discomfort to the patient, Figure 19 depicts the 

A 

B C 
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gradual increase in viscosity, which indicates that the nanogel would not become 

uncomfortably viscous in the nasal cavity of the patient. This graph also substantiates 

the mucoadhesive properties of chitosan and sodium alginate [27,28]. Temperature 

ramp measurements were run at a heating rate of 1°C/min. The temperature range 

was 0-50°C. The stress and frequency employed was 1Pa and 1Hz, respectively. As 

demonstrated in figure 50, G’ was higher than G’’. G’ and G’’ increase gradual as the 

temperature increased, this was indicative of this nanogel being thermoresponsive 

because the gel was becoming more viscous as the temperature increased. The 

chitosan and sodium alginate reacted in response to an increase in temperature, 

therefore his nanogel was proven to be a thermoresponsive gel system. The gradual 

increase in G’ and G’’ was also indicative of the nanogel being a strong nanogel. This 

is ideal as the nanogel has to be durable in order to survive the cleansing mechanisms 

of the nasal cavity. This graph also clearly shows that the nanogel is stable due to G’ 

being higher than G’’ [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Graph depicting the viscosity of the nanogel.  
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Figure 19: Graph demonstrating the temperature ramp of the nanogel. 

 

3.3.1.8 Drug loading and drug release 

3.3.1.8a. Encapsulation of dopamine in both the unloaded- and loaded carbon 

dot systems. 

As previously discussed, dopamine was loaded onto the carbon dot during the 

synthetic process. The small size of the carbon dot highly influenced the maximum 

loading of drug due to the large surface area of the carbon dot [25]. As discussed in 

Chapter 2, the reagents used to synthesize the carbon dots provide the structural 

template for the carbon dot. As described under FTIR analysis, there were carbonyl, 

hydroxyl and amide functional groups on the surface of the carbon dot. This 

encouraged successful and efficient surface passivation of the carbon dot surface with 

dopamine. The calibration curve was utilized to determine the %entrapment efficiency 

of the formulation. The calculated value of %entrapment efficiency was thus calculated 

to be 98.67%.  
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3.3.1.8b. In vitro drug release study 

The drug release profile of the dopamine-loaded carbon dot systems was tested under 

various conditions as summarised in Table 10.: 

Table 10: Conditions for analysis of drug release  

Variable Formulation 

pH 7.4 Dopamine-loaded carbon dot system 

pH 7.4 Dopamine-loaded carbon dot system in 

the nanogel 

pH 5.5 Dopamine-loaded carbon dot system 

pH 5.5 Dopamine-loaded carbon dot system in 

the nanogel 

 

The drug release study was conducted at two different pH values, i.e. 7.4 and 5.5. A 

pH of 7.4 was utilized to mimic the blood pH and a pH of 5.5 represents the pH of the 

nasal cavity [26]. The carbon dot system loaded with dopamine was tested with and 

without the nanogel so as to ascertain what effect the nanogel had on the release of 

dopamine. Figure 20A displays the drug release from the dopamine-loaded carbon dot 

system without the nanogel (CDopa) in pH 7.4. There was a gradual release of 

dopamine between 15 minutes to 30 minutes. From 30 minutes up until 24 hours there 

was a sharp increase in the release of dopamine. The maximum cumulative release 

was 49.61%. The %standard deviation was between 0 and 0.005. Figure 20B depicts 

the dopamine-loaded carbon dot system in the nanogel (Cgel) at pH 7.4. There is a 

marked difference in the shape of the curve, this curve is much smoother and depicts 

a more gradual release of dopamine between times 15 minutes to 6 hours. Between 

6 and 8 hours the rate of drug release increased. This formulation released a maximum 

of 100% after 24 hours. In comparison to the dopamine-loaded carbon dot system 

without the nanogel, this formulation was able to release more than 50% more drug. 

The nanogel allowed for effective leaching out of the dopamine and would perform the 

same in the body due to the mucoadhesive nature of chitosan and sodium alginate 

[27,28]. The %standard deviation was between 0.005 and 0.03. Figure 20C is 
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representative of the drug release from the dopamine-loaded carbon dot system 

without the nanogel at pH 5.5. A burst release was observed between 15 minutes and 

half an hour. The drug release then decreased between half an hour and 1 hour which 

could be due to the light in the orbital shaker as dopamine is light-sensitive [29]. 

Thereafter there was a gradual drug release between 1 hour and 12 hours. Between 

12 and 24 hours there was a sharp release of drug. This formulation displayed a 

Cumulative release of 23.63% after 24 hours. This value is significantly lower than the 

same formulation in pH 7.4, indicating that the release of this formulation is pH-

sensitive. The %standard deviation was between 0 and 0.005. Figure 20D 

demonstrates the dopamine-loaded carbon dot system within the nanogel at pH 5.5. 

This formulation also displayed a smooth release curve. There was a gradual release 

of dopamine with an enhanced slow-release characteristic enabled by the nanogel, 

where the gradual release of dopamine lasted from 15 minutes to 12 hours. There was 

then a burst release of dopamine between 12 and 24 hours. This formulation had a 

maximum %Cumulative release of 100% after 24 hours. The %standard deviation for 

this formulation 0 and 0.03.  
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Figure 20A-D: Graphs illustrating the A) Drug release curve for the dopamine-loaded 

carbon dot without the nanogel at pH 7.4. B) Drug release curve for the dopamine-

loaded carbon dot in the nanogel at pH 7.4. C) Drug release curve for the dopamine-

loaded carbon dot without the nanogel at pH 5.5. D) Drug release curve for the 

dopamine-loaded carbon dot in the nanogel at pH 5.5.  

In conclusion, the nanogel allowed for a more controlled and sustained release in pH 

7.4 as can be clearly noted from the drug release curves. The dopamine-loaded 

carbon dots alone also exhibited a sustained release however illustrating a less 

smoothened curve as it is with the nanogel. In pH 5.5, the nanogel enable a notably 

enhanced degree of controlled and sustained release of dopamine over time as 

opposed to the dopamine-loaded carbon dots alone.  

 

3.3.1.9. Cytotoxicity studies 

The MTT Assay confirmed that the dopamine, unloaded- and loaded carbon dots are 

cytocompatible as substantiated by %Relative cell viabilities (%RCV) presented in 

Figures 21 and 22. After 48 hours, dopamine, the dopamine-loaded carbon dots and 

the unloaded carbon dots actually promoted cell proliferation as can be seen by %RCV 

values over 100%. This is due to the fact that dopamine promotes and supports cell 

C D 
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generation [1]. For dopamine, cell proliferation is proved by the %RCV values at 

215.90%, 170.36%, 144.31% and 107.38% which correlate to 125µg/mL, 7.81µg/mL, 

62.5µg/mL and 31.25µg/mL respectively. The %RCV at a concentration of 

15.625µg/mL was 99.79% which also substantiates the bioavailability and nontoxicity 

of dopamine in the brain. After 72 hours, the concentration which demonstrated the 

most cell proliferation was 15.625µg/mL with a %RCV of 330.63%. The %RCV values 

also showed excellent cell proliferation as well as nontoxicity where concentrations of 

125µg/mL, 62.5µg/mL and 31.25µg/mL showed cell proliferation at values of 128.84%, 

114.22% and 105.93% respectively. The concentration at 7.81µg/mL had a %RCV of 

98.70% which also proved a minimal amount of cytotoxicity. 

 

Looking at figure 21 and 22, the dopamine-loaded carbon dots were not significantly 

cytotoxic and also allowed for cell proliferation. At 48 hours, concentrations 125µg/mL, 

7.81µg/mL and 62.5 µg/mL showed cell proliferation with %RCV values at 114.26% 

113.85% and 100.51% respectively. The concentrations 31.25µg/mL and 

15.625µg/mL showed %RCV values at 94.36% and 95.38% which showed minimal 

cytotoxicity of this system. At 72 hours, there was cell proliferation present for 

concentrations 125µg/mL, 15.625µg/mL and 7.81µg/mL at 103.57%, 101.22% and 

124.41% respectively. Concentrations 62.5 µg/mL and 31.25µg/mL had values of 

94.96% and 91.96% which substantiated the minimal cytotoxicity of the system. 

 

Figures 21 and 22 illustrate that the unloaded carbon dot systems were also minimally 

cytotoxic and also enabled cell proliferation. At 48 hours, concentrations 125µg/mL 

and 7.81µg/mL had values of 114.26% and 116.41% respectively. This was indicative 

of cell proliferation. Concentrations 62.5 µg/mL, 31.25µg/mL and 15.625µg/mL had 

values at 92.31%, 96% and 96.82%. This showed minimal cytotoxicity of this system. 

At 72 hours, concentrations 125µg/mL and 7.81µg/mL had values of 102.27% and 

120.96% respectively which still showed that there was cell proliferation present. The 

remaining concentrations 62.5 µg/mL, 31.25µg/mL and 15.625µg/mL had values at 

97.73, 95.45% and 96.34% which also illustrated very minimal cytotoxicity for the 

unloaded carbon dot system. The dopamine-loaded carbon dots also allowed cell 
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proliferation as can be seen in figure 22 At a concentration of 7.81µg/mL the %RCV 

was 116.41%. 

The error bars on both Figure 21 and 22 are representative of the standard deviation 

of said vales. For figure 21; the standard deviation for dopamine, CDopa, CDot and 

the positive control was 42.65, 8.73, 10.08 and 0 respectively. The standard deviation 

for Figure 22 was as follows; dopamine 88.06, CDopa 11,52, CDot 9.50 and the 

positive control was 0. 

 

 

 

 

 

 

 

 

Figure 21: Graph depicting the MTT Assay after 48 hours with error bars indicative of 

standard deviation. 

 

 

 

 

 

 

 

Figure 22: Graph depicting the MTT Assay after 72 hours with error bars indicative of 

standard deviation 
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Figures 23 A) Image of PC12 cells treated with CDots at 48 hours. B) Images of PC12 

cells treated with CDots at 72 hours. C) Images of PC12 cells treated with CDopa at 

48 hours. D) Images of PC12 cells treated with CDopa at 72 hours. E) Images of PC12 

cells treated with Dopamine at 48 hours. F) Image of PC12 cells treated with Dopamine 

at 72 hours. G) Image of Negatvive control at 48 hours. H) Image of Negative control 

at 72 hours. I) Image of Positive control at 48 hours. J) Image of Positive control at 72 

hours. 

3.3.1.10. Concluding remarks 

The unloaded- and loaded carbon dot systems proved to have been synthesized as 

well as of good quality due to the substantiations from all the analysis above. FTIR 

analysis confirmed the successful synthesis of carbon dots from urea and sodium 

citrate. It also confirmed the surface passivation of dopamine on the carbon dots. DSC 

analysis also confirmed the successful synthesis of the carbon dots from the individual 

reagents due to a shift in the thermographic peaks. The DSC analysis also confirmed 

the surface passivation of dopamine by virtue of another thermographic peak shift. 

XRD analysis clearly depicted the crystalline nature of the carbon dots. Zeta potential 

analysis substantiated the surface passivation of dopamine due to the increase in zeta 

potential. Zeta size analysis and TEM confirmed the morphological characteristics and 

size of the carbon dot system. In vitro drug entrapment and release studies confirmed 

that carbon dots are able to entrap large amount of drug and release the drug in a 

slow and sustained release pattern which is ideal for the application in Parkinson’s’ 

Disease treatment. Cytotoxicity studies proved these systems to be non-cytotoxic to 

PC12 cells and actually showed their ability to promote and support cell proliferation. 

I J Positive control  Positive control 
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CHAPTER 4: CONCLUSION AND FUTURE RECOMMENDATIONS 

4.1. Conclusion 

Parkinson’s disease is a debilitating disease whose effects are far reaching and 

impedes the patient’s ability to live a good, wholesome life as there is no cure for the 

disease. Parkinson’s disease is a neurodegenerative disease in which the dopamine 

receptors in the substantia nigra of the brain perish thus resulting in a decline in 

dopamine production and provision around the body. The effects of this disease 

include, and is not limited to, paraesthesias, paralysis and cognitive impairments. 

Current therapeutic regimens only provide symptomatic relief. The disease progresses 

as time passes and the effects become more severe. The golden standard for 

Parkinson’s treatment at the moment is Levodopa (L-Dopa). This is a precursor to 

dopamine and is administered orally. Dopamine is readily metabolized in the 

gastrointestinal tract (GIT) by the decarboxylase enzyme. Due to this, efforts have 

been made to administer L-Dopa along with carbidopa – a decarboxylase enzyme 

inhibitor, in order to curb the metabolism of L-Dopa in the GIT. This however has not 

completely solved the problem as a minute concentration of Dopamine actually 

reaches the brain via systemic circulation. Once it reaches the brain, this already 

reduced concentration faces yet another challenge – the Blood-Brain Barrier (BBB). 

The BBB provides a very strict barrier between the systemic circulation and the brain 

and is extremely selective about what it allows into the brain. Modern neurotherapeutic 

struggle to pass through the BBB. All these factors thus lead toward larger doses of 

medication to be administered to the patients in order to circumvent these challenges. 

These larger doses increase the side effect profiles suffered by the patients and 

ultimately decreases patient compliance as a whole. 

There is a dire need for a neurotherapeutic which can evade the GIT, successfully 

traverse the BBB and also be administered in a low yet effective dosage so as to 

increase neuroavailability of Dopamine but minimize the side effect profile suffered by 

patients. Carbon dots have aroused much attention by researchers for application in 

a myriad of fields including drug delivery. Carbon dots are carbonaceous 

nanomaterials which can be synthesized from practically any carbon-based material. 

These nanoparticles are small in size, photoluminescent, non-toxic, water-soluble and 

biocompatible. The size provides a large surface area, and the surfaces are easily 
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passivated which ensures an exceptional drug entrapment, as can be seen in this 

dissertation. The %drug entrapment efficiency in this project was 98.67%. The 

dopamine-loaded carbon dot systems were formulated in a chitosan-alginate nanogel, 

for intranasal administration. This was another mechanism put in place to avoid the 

metabolism of dopamine in the GIT and to ensure the highest possible bioavailability 

of dopamine in the brain, at the lowest possible dose. The dopamine-loaded carbon 

dot system demonstrated a slow, sustained, controlled drug release profile which is 

indicative of minimal dosing required in patients. This drug delivery system proved to 

be easily synthesized, in just half an hour; cost-effective, nontoxic (as indicated by 

cytotoxicity studies), and a stable formulation as substantiated by the physicochemical 

and morphological analyses undertaken in this study. Overall, this formulation shows 

great promise in the future treatment of Parkinson’s disease. 

 

4.2. Future recommendations 

In vitro biocompatibility and cytotoxicity studies were undertaken on a PC12 cell line 

in this project. It would be highly advantageous to perform an in vivo study in the future. 

The addition of a ligand to the carbon dot which would greatly enhance target 

specificity. 

The scientific literature surrounding carbon dots in neurotherapeutic application is 

scarce and limited. Carbon dot research regarding neurodegenerative diseases is an 

area of research which is elusive and made finding guidelines and methods to follow 

challenging for this project. An intervention which would serve great benefit to the field 

of Carbon dot therapeutics would be increased research and publication surrounding 

the biomedical application of carbon dots in neurotherapeutics. 

An aspect of great advantage for the future would be a comparative study between 

dopamine hydrochloride and the conventional golden standard therapy at the moment, 

Leva-dopa.  This would be of extensive advantage in determining the limitations in this 

project as well as overall Parkinson’s Disease treatment regimens to date.  
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Appendix 

2. CHAPTER 2: A Literature Review of Carbon Dots as Nanotherapeutics for 

Biomedical Application  

 

 

 

 

 

 


