
 

 

 

 

 

 

 

 

 

 

 

-ÉÃÒÏ×ÁÖÅ 3ÙÎÔÈÅÓÉÓ ÏÆ &ÌÕÏÒÅÓÃÅÎÔ 
#ÁÒÂÏÎ .ÁÎÏÐÁÒÔÉÃÌÅÓ ÁÎÄ ÔÈÅÉÒ ÕÓÅ ÉÎ 
"ÉÏ-ÉÍÁÇÉÎÇ !ÐÐÌÉÃÁÔÉÏÎÓȢ 
 
 

 

By: 

 

Marwah Ahmed Alsharif  

 

 

 

 

A thesis submitted in partial fulfilment of the requirements for 

the degree of 

Doctor of Philosophy  

 

The University of Sheffield 

Department of Materials Science and Engineering 

 

 2019



i 
 

 

 

 

 

 

 This PhD thesis is dedicated to  

My dear loving parents Ahmed and Fatimah Alsharif  

 My Husband Abdullah and our daughter Noura  

Without your generous support, encouragement and 

love my dream would not have been possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

Abstract 

Carbon nanoparticles (CNPs) offer exciting potential in a number of practical areas, 

particularly in the biomedical and pharmaceutical sciences. Their small size (less than 100 

nm), low cytotoxicity, high photo stability and strong fluorescence emission make them ideal 

candidates for the sensing of ions and biomolecules, for uptake in diseased cells, which can 

then be detected and monitored via the particle fluorescence, and for the efficient, targeted 

delivery and release of drugs to diseased areas for therapeutic treatments.  

The aim of this thesis was to synthesise fluorescent carbon nanoparticles using a chemistry-

based, bottom-up approach via microwave heating to synthesise them within 5 minutes at 200

Ņ and 220Ņ respectively. Carbohydrates, especially glucose and sodium alginate, were used 

as the carbon source, which resulted in an inexpensive one-step production method. 

Additionally, the CNPs were stable in aqueous solution without the need for surface 

passivation. Fluorescent carbon nanoparticles characteristics have been investigated by using 

various techniques. 

Transmission electron microscopy and Raman spectroscopy were used to analyse their 

structure and morphology. The results indicate that CNPs exhibit an amorphous structure 

with aromatic rings and carbon double bonds with average particle size calculated from 

glucose CNPs at 200°C was estimated to be 133.4 ± 22.8 nm, but this increased to 174.15 ± 

30.8 nm after heating to 220°C. The particles from sodium alginate were highly agglomerated 

and formed linear carbon nanoparticle chains because of their high affinity. It proved difficult 

to isolate single carbon nanoparticles. The fluorescence properties of carbon nanoparticles 

were found to be dependent on the excitation energies and their dominant peaks were located 

at different positions. Commonly, the peak positions red shifted with reduced intensity as the 

excitation energy value increased. 

Cell lines Fibroblast (HDF), as melanoma cancer cells (C8161), and mouse fibroblast NIH 

3T3 were exploited for cytotoxicity evaluations. The obtained CNPs, which were found to be 

non-toxic and biocompatible, can be used as a unique material for bio-imaging applications. 

In addition, there has been successful uptake seen by different types of cells. Furthermore, 

these CNPs have readily entered the cytoplasm of selected cells and shown no significant 

cytotoxicity. The particles were localised at the cell membrane and the cytoplasm. 
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1. Chapter One: Introduction, Aims and Outlines 

 Introduction  1.1.

Since Richard Feynman came up with the idea of manipulating matter at the atomic level, 

nanomaterials have become an innovative field of research combining the fundamentals of all 

natural sciences [1]. These first investigations grew into nanoscience, where numerous 

applications for emerging technologies that are based on nanoparticles have been identified in 

areas ranging from the biomedical sciences to sporting equipment. A key characteristic of 

nanoparticles is their significant surface-to-volume ratio, which is compatible with the use of 

therapeutic agents in medical applications. Additionally, the targeting features that are 

associated with nanoparticles enable their accumulation in inflamed tissues or tumours. As a 

result, the therapeutic possibilities that have been unlocked by the mobilisation of 

nanoparticles in clinical settings are greater than most commentators had ever anticipated. In 

addition, the valuable optical properties of nanoparticles have created a use for them in 

optical imaging (OI), and they can also be utilised as triggers for photochemical reactions in 

biological environments. Therefore, researchers world-wide have sought to gain insight into 

the various ways in which biocompatible photoluminescent (PL) nanoparticles, with each 

characterised by controlled dimensional and morphological features, can be fabricated 

effectively. Noteworthy developments include semiconductor nanocrystals. These are also 

referred to as quantum dots (QDs), and the in vivo and in vitro applications of these 

nanoparticles have been facilitated in the form of OI contrast agents, many of which display 

promising detection limits and resolutions. A semiconductor nanoparticle is a semiconductor 

nanocrystal (or QD), with its key features being a diameter of 1ï10 nm and its composition 

drawn from elements of groups II-VI (e.g. ZnO) or III-V (e.g. GaN) in the periodic table. As 

a quasi-zero-dimensional nanomaterial, the three dimensions of QDs are each no more than 

10 nm, with the implication being that internal electron mobility is limited inside the 

nanoscale dimensions in every direction. Regarding standard fluorescent dyes, QDs are 

characterised by an array of distinctive optical characteristics, including effective 

fluorescence stability, broad excitation and emission spectra. These properties are important 

to note because QDs can be employed in numerous applications. Nevertheless, standard QDs 

are typically fabricated using semiconducting materials (particularly cadmium and selenium) 

in either organic-phase or water-phase systems, a critical fact that has given rise to worries 

about potential toxicity and cost effectiveness. Carbon quantum dots (C-dots), which are 

nano-structured materials, are characterised by excellent water solubility, biocompatibility 
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and optical properties. They are paired with chemical inertness, straightforward 

functionalisation, photo bleaching resistance and negligible cytotoxicity. Due to these 

characteristics, researchers have increasingly been focusing on these materials over the last 

10 years [2]. Especially noteworthy is that it is possible to synthesise C-dots that are 

characterised by elevated levels of fluorescence in a cost-effective way by applying numerous 

one-step approaches on an expansive scale. Hence, the evidence indicates that C-dots can be 

utilised as novel fluorescent materials and as a substitute for standard QDs in a variety of 

applications. A multitude of advantages are associated with this shift, including the avoidance 

of excessive heavy metal utilisation, which is expected to surmount difficulties that may arise 

from toxicity and environmental sustainability.  

Fluorescent nanomaterials that contain carbon are categorised into a unique group of 

nanoparticles, with one of the most distinctive features being the wide variety of shapes 

included in the class. These shapes include short carbon nanotubes (CNTs) [3], 

nanodiamonds, [4] graphene QDs [5] and fluorescent C-dots, among others. In the years 

following the publication of the initial paper addressing C-dot photoluminescence (PL)[6], in 

which C-dots were also referred to as carbogenic dots, researchers began focusing on the 

ways in which fluorescent C-dots can be prepared. A range of benefits have been linked to C-

dot utilisation when compared to QDs, including straightforward synthesis and negligible 

cytotoxicity. Based on their properties, fluorescent C-dots constitute one of the most 

consequential fluorescent labels for applications as far reaching as cellular imaging, 

bioimaging, energy conversion, energy storage, drug delivery, probes and optoelectronics [6]. 

Generally speaking, C-dots can be classified per a pair of approaches. Given that the 

variability of reaction parameters in the context of synthesis can alter C-dotsô characteristics, 

research initiatives have focused on the correlation between certain properties and key 

variables, such as synthetic techniques and initial materials, in the fabrication of C-dots. The 

evidence indicates that various C-dot surface groups (e.g. amino, carboxyl and hydroxyl 

groups) are consequential in informing additional modifications that are related to the 

improvement of optical properties, biocompatibility and targeting capabilities, thereby 

promoting the degree to which they are sensitive and selective. The enhancement of 

properties such as these has augmented the number of areas in which C-dots can be viably 

applied. 

Aside from normal or down-converted PL, the literature indicates that C-dots are associated 

with superior up-converted PL, thereby holding considerable promise for the development of 



4 
 

high-performance complex photodynamic therapy [6-8]. Additionally, the evidence indicates 

that C-dots are associated with PL emission in the near-infrared (NIR) spectral region in the 

context of NIR light excitationða finding that may give rise to seminal advances in a variety 

of fields, such as bioimaging, photoacoustic imaging, anticancer therapies and drug delivery 

[7]. Additionally, due to the excellent levels of photostability and fluorescence exhibited by 

C-dots, the possibility of utilising these nano-structures as probes is also worth considering. 

The anticipation surrounding the eventual application of C-dots in these varied areas is 

clearly indicated by the significant increase in the publication of C-dot-related papers, 

including both review studies and research projects that have evaluated potential applications 

[2, 6, 9]. In view of the numerous properties and possible applications of carbon-containing 

nanomaterials, the purpose of the present work is to synthesise carbon nanoparticles by using 

microwave techniques, follow by studying the properties, characterisation and bio imaging 

applications of C-dots. We anticipate that the information presented here will provide a useful 

theoretical background for researchers who are intending to conduct in-depth investigations 

of C-dots in the future.      

 Aims and objectives 1.2.

The aim of this thesis was to synthesise fluorescent carbon nanoparticles using a microwave 

synthesiser. Carbohydrates, especially glucose and sodium alginate, were used as the carbon 

source. The structural characteristics and optical properties of these carbon nanoparticles 

were investigated through diverse spectroscopic and analytical techniques. Another aim of 

this research was to study and understand the mechanisms of cellular uptake and their 

potential use for bio-labelling and bio-imaging.  Further aims were to determine the 

biocompatibility of the synthesised carbon nanoparticles in cancer cells like melanoma 

C8161, mouse fibroblast cell line NIH 3T3 and normal cells such as human dermal fibroblast. 

The objectives of the thesis are listed in detail below:  

1- To synthesise carbon nanoparticles from sodium alginate and glucose at two different 

temperatures, 200°C and 220°C, for 5 minutes, comparing the properties between 

them. 

2- To assess the structural characteristics of C-dots using transmission electron 

microscopy, X-ray photoelectron spectroscopy, X-ray powder diffraction, Raman, and 

Fourier-transform infrared spectroscopy. 
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3- To determine the optical properties of these nanoparticles by using ultraviolet-visible 

spectroscopy and fluorescence spectroscopy. 

4- Using resazurin (AlamarBlue) and scratch assay to study the cell viability and toxicity 

of the synthesised particles.  

5- Studying the mechanism of cellular uptake by incorporating these particles into 

melanoma, fibroblast and NIH 3T3. 

6- Evaluating the cellular uptake mechanism via co-culture experiments and conduct 

quantitative visualisation and evaluation of different cells and different types of 

particles on cellular uptake by using confocal microscopy.  

 

 Thesis outline   1.3.

Chapter 1: Provides an introduction summarising the aims and objective of the study, and 

outlining the chapters contained in this thesis.  

Chapter 2: Gives a detailed literature review of carbon nanoparticles, their synthesis, 

properties, characterisation and their application in vivo and vitro. 

Chapter 3: Describes the materials and methods used in this thesis. 

Chapter 4: Sets out and discusses the results of the synthesis and characterisation of carbon 

nanoparticles  

Chapter 5: Sets out and discusses the results of the cytotoxicity studies for cell and tissue 

culture (in vitro) studies on Melanoma C8161 cell lines and fibroblast.  

Chapter 6: Undertakes a study of the cellular uptake of carbon nanoparticles depending on 

cell type and experimental conditions.  

Chapter 7: General discussion  

Chapter 8: Conclusion and future work  
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 Chapter Two: Literature Review  2.

 Introduction  2.1.

Nanoparticles (NPs) are those particles characterized by a size dimension typically in the 

range below 100 nanometres (nm), where a nanometre is 1 billionth (10
-9

) of a metre. 

Broadly they can be classed into two main forms; (i) environmental NPs (aerosols) which are 

formed via different chemical and physical processes (natural or human-influenced) that 

occur in the environment (e.g. combustion of biomaterials, volcanic eruptions or vehicle 

exhaust emissions) and (ii) engineered NPs - those synthesised in laboratory or industrial 

settings with the specific tailoring of size and properties for a target application [10]. This 

thesis is focused on the laboratory synthesis of carbon nanoparticles and their resulting 

optical properties, and so all further discussion concerns matters relating to engineered NPs. 

Research into nanoparticle design, synthesis and properties is a rapidly growing area of 

nanotechnology - the branch of science/engineering which relates to the deliberate 

manipulation of matter at the nanoscale (atoms - molecules - molecular clusters - NPs as 

defined above). NPs with a large number of sizes and shapes have been developed and put 

into regular use for a diverse range of practical applications. NPs can be made in a number of 

different morphologies such as spherical, tubular or irregular, with all exhibiting quite 

different or enhanced chemical and physical properties compared with bulk materials of 

equivalent composition [11]. 

Many of the unique properties of NPs (compared with those of equivalent bulk materials) 

result from the large ratio (R) of surface area A (proportional to r
2
, where r is the particle 

radius) to volume V (proportional to r
3
), such that R Ŭ 1/r. As the particle size decreases, this 

ratio therefore increases with many surface-related processes becoming important for a target 

application. Other important features, including increased material strength, as well as unique 

optical and electronic/magnetic properties are also displayed by NPs, increasing their 

attractiveness across a range of industrial uses. 

In terms of chemical composition, metal NPs such as those of gold and silver have found 

many applications (for example as 'optical markers' in medical diagnosis and cancer 

treatment therapy), metal oxides including those of titanium and zinc, TiO2 and ZnO 

respectively, are incorporated into solar cells and anti UV sun creams and paints, while non-

metals, such as silica (SiO2) and quantum dots composed of semiconducting materials such as 
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zinc sulphide (ZnS) and cadmium selenide (CdSe), are used in nanoelectronic devices and 

medical applications.  

A number of forms of carbon-based NPs (CNPs) have also now been synthesised for specific 

purposes. These include  

¶ Fullerenes (C60), spherical cage-like structures that have a high electron affinity 

[12]. 

¶ Carbon nanotubes (CNTs) and nanofibres - extended tubular structures with very 

high length to diameter ratio [13, 14]. 

¶ Carbon quantum dots (CQDs) or nano dots (CNDs) - spherical particles less than 

10 nm in size which emit light via photoluminescence/fluorescence [15]. 

¶ Graphene nanofoils [16]. 

¶ Carbon nanofoams [17]. 

¶ Organic (carbon-based) polymeric structures [18]. 

The next section of this thesis (2.2) will focus specifically on the main structural 

characteristics and properties of the fullerene, CNT and CQD/CND forms of CNP, while 

more background on the experimental methods used to measure and characterise CNP 

physical properties and their fluorescent properties (spontaneous light emission subsequent to 

absorption) are provided in sections 2.4 and 2.5 respectively. 

A number of different techniques have been utilised for the synthesis of NPs of varying 

composition, shape and size (thereby controlling the resulting particle properties). These 

include chemical methods (vapour phase or sol-gel/hydrolysis reactions), physical methods, 

such as laser pyrolysis, evaporation-condensation, plasma-based and microwave-assisted, and 

mechanical methods (e.g. densification) [19]. Section 2.3 outlines some of the most 

commonly adopted methods for the production of CNPs, with a specific focus on the 

microwave techniques reported in the scientific literature, as this is the primary concern of 

this study [20]. These techniques are subdivided according to the approach taken; either 'top 

down' approaches, where larger structures are first formed and then broken down to smaller 

NP dimensions as desired (2.3.1) or 'bottom up' approaches (2.3.2), where the final particle 

size is developed from smaller to larger dimensions. 

Many key industries now incorporate NPs into their products, including those manufacturing 

materials (i.e. ceramics) and chemicals, in the agriculture, automotive and aeronautical 

industries (for structural components and anti-corrosion surface films/paints), electronic 
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communications and health/medicine (see Figure 2.1). For example in the health and 

biomedical industries, NPs are finding ever more applications as either biomarkers for 

medical diagnosis, since some forms exhibit optical features such as fluorescence and 

increased optical contrast, which allow for the identification and monitoring of infected areas, 

or as 'carriers' of drugs within the NP structure for the targeted and organ/tissue-specific 

delivery of pharmaceutical therapies for diseases such as cancers or central nervous system 

degenerative conditions (Parkinson's disease or Alzheimer's disease for example) [21, 22]. 

Since this thesis focuses on the use of CNPs in medical contexts, section 2.6 takes a closer 

look at the mechanisms by which CNPs are transported within the body to the target 

area/organ, how they are then taken up by specific cells and how they interact with cell 

components [23]ï obvious and critical considerations for the subsequent imaging of specific 

areas in the body in medical monitoring and diagnosis, or in the targeted delivery and release 

of pharmaceuticals for combating disease or other conditions [24]. 

     

Figure  2.1. An illustration of the huge range of current and future applications for nanoparticles in 

industry. The figure has been reprinted from ref [25] with permission from the copyright holder 

Interscience . 

Section 2.7 of this thesis takes a more detailed look at the different medical applications of 

CNPs, with recent key research efforts and insights highlighted in the areas of in vitro (cell 

culture) bio-imaging (2.7.1) and in vivo (within the test animal or human system) bio-

labelling (2.7.2) [26]. Some discussion is also devoted to the important health & safety issues 
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related to the use of such NPs in biomedical/drug applications. It is of course essential that in 

performing the desired role within the body, CNPs do not simultaneously present any 

potential biological dangers or cause physiological damage by their presence or action. 

Finally, section 2.8 provides a summary and the main conclusions of this initial review part 

of the thesis prior to the rest of the report, which details the experimental side of the study. 

 Carbon Nanoparticles (CNPs) 2.2.

The term carbon nanoparticle can refer to any particle composed either purely of the element 

carbon (C), or any carbon-based (organic) compound/material. Carbon itself has long been 

known to exist in the three common structural forms (allotropes) of graphite, diamond and 

amorphous. Graphite and diamond are both crystalline in structure; in graphite, the carbon 

atoms are bonded to form a planar, layered structure, whilst in diamond, carbon atoms form a 

rigid lattice based upon a face-centred cubic structure (see Figure 2.2).   

 

Figure  2.2. Atomic structures of the different forms of carbon in nature: (a) graphite, (b) diamond, (c) 

Buckminsterfullerene (C60), (d) carbon nanotube or CNT, (e) carbon nanofibre and (f) graphene. 

Image reproduced with permission from [27]. 

These respective atomic arrangements are the reason for the obvious differences in the 

physical properties of the two forms - graphite being soft and diamond hard in nature, for 

example. In contrast, amorphous carbon displays no ordered arrangement of carbon atoms 

which again, results in properties in between graphite and diamond. For example, amorphous 

carbon can be made as a very hard material (similar to diamond), which resulted in the use of 

this material as a hard coating on drill bits, hard drive platens and shaving blades. Unlike 

diamond, amorphous carbon is typically non-transparent and black. 
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In terms of carbon nanoparticles, however, many of the recent advances made involve more 

recently discovered forms of carbon, including the fullerene structures (e.g. C60 - 

'Buckminsterfullerene'), carbon nanotubes (CNTs), carbon quantum/nano dots (CQDs/CNDs) 

and nanofibres, carbon nanofoams and graphene-based NPs. The rest of this section focuses 

on the fullerene, CNT and CQD/CND particles since these are the most developed in terms of 

their applications, in particular with regard to current and future biomedical imaging methods 

and drug delivery uses [28]. 

 Fullerene-based NPs 2.2.1.

First discovered in the 1980s, fullerenes are a class of pure carbon compounds which all 

possess both sp
2
 and sp

3
 bonded carbon atoms and form closed structures that can have 

spherical, elliptical or tubular geometries [29, 30]. The most common forms are C60 and C70, 

although other fullerene molecules exist with both fewer and greater numbers of carbon 

atoms. C60 (named as Buckminsterfullerene) has a spherical, ball-like closed structure with 

icosahedral symmetry (see Figure 2c) consisting of both hexagonal (C6) and pentagonal (C5) 

structural units - consequently NPs of C60 are often referred to as 'Bucky balls'. The diameter 

of C60 is ~ 0.7 nm, with the interior space providing the potential for encapsulation of other 

molecules (e.g. drugs), thereby making C60 (and other fullerene structures of different 

geometries and internal sizes) attractive for research in a number of areas, including the 

medical and pharmaceutical sciences. 

C60 is a highly stable molecule that, as a result of being electron deficient, has a high affinity 

for and reactivity with other, electron rich species, and so can form a number of 

functionalised compounds. It is insoluble in water (as with most forms of carbon) but readily 

soluble in common organic solvents including benzene (C6H6), toluene (C6H5CH3) and 

chloroform (CHCl3). Fluorescence from C60 NPs in pyridine solvent (C5H5N) under 

sonication was reported by Zhang et al. [31], who observed a particle size-dependent 

emission red-shift from 424 to 468 nm resulting from the strong interaction of C60 molecules 

within individual NP structures. Further, aggregation of the NPs led to a broader fluorescence 

emission band at longer wavelengths (550-570 nm). 

Jeong et al. [32] showed that 'colour-tuning' (controlled variation of the emission wavelength) 

of the fluorescence emission is possible for water soluble C60 NPs via oxidation with 

hydroxide and conjugation with an attachment of the organic molecule TEG (tetra-ethylene 

glycol). This ability was attributed to a change in the electronic transition arising from a 

distortion of the fullerene structure as a result of the chemical modification. 
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One of the outstanding properties of C60 NPs, which give them such great potential in disease 

therapies, is their ability to induce cellular autophagy (the process by which cell components 

including proteins and organelles are degraded and recycled). Wei et al. [33] showed that 

water soluble Nd-derived C60 NPs exhibited were even more effective than conventional C60 

NPs initiating autophagy and the corresponding sensitisation of cancer cells for subsequent 

interaction with drug molecules. 

Shi et al. [34] recently reported on a novel and precise drug delivery system based on C60 NPs 

for photodynamic-chemotherapy. Molecules of the drug, Doxorubicin, or DOX, were 

attached to aggregated C60 NPs via covalent bonding to a linker species (attached directly at 

the NP surface), all of which was then contained within a hydrophilic shell of a functionalised 

amine-based species. This shell protected and stabilised the drug delivery system during 

transport to the affected tissue/organ. In vitro and in vivo studies with this C60 NP-based 

system displayed a high antitumor efficacy and a low toxicity to other (non-cancerous) areas, 

as desired.  

 Carbon nanotubes (CNTs) 2.2.2.

These are forms of layered carbon (rolled up graphene) with a tubular geometry and with 

radial dimensions typically of around 1 nm but much greater lateral dimensions (100s of nm 

to microns (10
-6

 m)). CNTs with a great multiplicity of structures can be produced with 

careful synthesis, with differences in methods leading to structures with different lengths, 

thicknesses and numbers of layers. Single walled (SW) CNTs possess a single surface with 

an inner space, while multi-walled (MW) CNTs have a composite structure (consisting of two 

or more rolled sheets) that exhibits a number of surfaces and spaces between component 

elements. These inner spaces within the CNT structures are ideally suited as containment 

volumes for applications such as hydrogen storage and energy storage devices, in addition to 

a range of potential and already realised novel biomedical uses [35]. 

The strong bonding between carbon atoms within the nanotube structures makes CNTs very 

strong (high tensile strength) yet light (due to the small dimensions) and flexible (high elastic 

modulus), while they are also very highly electrically and thermally conductive along the 

length of the tube structure. Electrically, they can exhibit either a metallic or semiconducting 

nature depending on the precise geometry of the rolled graphene sheets of which they are 

comprised. Both in terms of electrical current and heat, CNTs conduction far exceeds (by 2-3 

orders of magnitude) that displayed by metals such as copper. 
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SWCNTs and MWCNTs in aqueous solution exhibit strong fluorescence emission properties. 

Although the fluorescence efficiency of NTs is inherently low, this can be significantly 

improved through careful covalent functionalisation ï for example, Lee et al. [35] reported on 

a reversible brightening effect (increase in fluorescence emission efficiency) for DNA-

wrapped SWCNTs upon the addition/removal of a number of chemical reducing agents. The 

poor emission characteristics of the CNTs was consequently attributed to structural defects in 

the nanotubes. In the case of MWCNTs, meanwhile, it has been shown that their fluorescence 

efficiency can be greatly enhanced through selective functional group (amine and amide) 

covalent attachment, with control of efficiency possible by variation in the chain length of the 

attached species [36]. 

The high strength and flexibility of the CNT structure has led to a number of applications in 

medicine and other areas. For example, both SWCNT and MWCNT structures have been 

used for medical implants, in tissue engineering and in the detection, diagnosis and treatment 

of cancers [37]. In the latter application, for example Liu et al. [38] used functionalised CNTs 

for the encapsulation and transport of metal oxide (ferrite) particles for use in medical 

imaging and magnetically-controlled drug delivery. The magnetic iron-based NPs were 

formed directly within CNTs, which were then amine-functionalised to make them water 

soluble. These structures were highly dispersed within a diseased target area with magnetic 

manipulation of NP orientation and interaction uptake between cancer cells and the CNT-

based NP structures with no toxicity effects.  

A number of clinical studies have also highlighted the potential of CNTs as drug delivery 

devices in cancer therapies. For example, Chen et al. [39] developed a system for the 

targeting of leukaemia cells by CNTs functionalised with both the drug molecule (Taxoid) 

and a fluorescent marker molecule to enable monitoring of transport and uptake to the target 

area . The system was shown to deliver the drug efficiently and to result in high potency 

towards the specific cancer cells and low toxicity towards other non-cancerous cells/areas. 

 Carbon quantum dots (CQDs) or Carbon nanodots (CNDs) 2.2.3.

Following on from the discoveries and now routine synthesis and application of the 

previously discussed forms of CNPs (fullerenes and CNTs), the most recent addition to this 

group of nanomaterials is the carbon quantum or nano dot [40]. The literature variably refers 

to either of these names and so from this point on, the abbreviation CQD/CND will be used. 

While many CQDs/CNDs are composed of graphitic carbon, other forms have been 
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synthesised using graphene, a recently discovered carbon allotrope whose structure is 

composed of a two-dimensional lattice of hexagonal carbon-bonded units (with each carbon 

at the vertex of the unit). These are correspondingly known as graphene quantum/nano dots 

GQDs/GNDs. 

CQDs/CNDs are surface passivated (to prevent chemical oxidation), often chemically 

functionalised, tiny spherical particles (10 nm or less in size) that are the carbon-equivalent of 

the metal-based (e.g. cadmium, Cd or zinc, Zn) quantum dots (QDs) whose novel optical 

properties have long been the subject of research. While CQDs/CNDs share many of the 

same features and properties of the metal-based QDs such as size, wavelength-dependent 

emission of fluorescent light (typically at blue, green and yellow wavelengths, approx. 450-

590 nm) and the ability to attach to biomolecules (bioconjugation), they have the distinct 

advantages of low toxicity in the body, and are able to be formed relatively easily and 

cheaply on a large scale by a variety of techniques that all start from a common and cheaply 

sourced precursor. This combination of factors makes them an exciting tool in a number of 

applications, especially in medical bioimaging, disease monitoring/diagnosis and drug 

delivery/treatment applications. 

Mao et al. (2010) published work looking at the fluorescence properties of 1.5 nm 

CQDs/CNDs formed from lampblack, a cheap commercial form of carbon derived from the 

combustion product soot [41]. The NPs formed remained highly soluble in water over months 

(essential for delivery to and within the body), were stable against photobleaching (chemical 

degradation by adsorption of light, resulting in loss of the ability to fluoresce) and were easily 

passivated and functionalised for enhanced properties of increased light emission efficiency 

and longer emission lifetimes. 

As well as the pure carbon-based QDs, another recent strategy has been to dope CQDs/CNDs 

with other elements (e.g. nitrogen N, and sulphur S) in order to modify the fluorescence 

properties of the NPs. For example, Zeng et al. [42] used both N and S to co-dope 

hydrothermally synthesised CQDs/CNDs (see Figure 2.3) in order to extend fluorescent 

emission to longer (red light) wavelengths (> 600 nm) from that of the particle, and thereby 

extend the potential range of applications for such NPs. 
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Figure  2.3. Reaction scheme/sequence used to co-dope CQDs/CNDs with N and S via respective 

amino acids and modify (extend) the fluorescence emission wavelength from the particles. Image 

reproduced from [31]. 

The authors reported an orange emission (> 590 nm) at room temperature (showing the 

doping had indeed extended the wavelength range of fluorescence) and then showed that 

these NPs could be used to image mice macrophage cells. 

Similarly, in the case of GQDs/GNDs, tuneable fluorescent light emission is possible by 

doping of the bare particles. Qu et al. [43] showed that by doping GQDs/GNDs with N and 

simply varying the nature of the solvent (water to organic to solvent free) in which the NPs 

are formed, it is possible to tune the light emission through from blue to yellow wavelengths. 

Again, this ability to modify the fluorescent properties of these forms of CNPs in a controlled 

manner is of great importance for future application in the area of medical bioimaging. 

In terms of drug delivery potential, CQDs/CNDs offer many exciting possibilities for a route 

towards routine methods of effectively and efficiently targeting affected areas within the 

body with corresponding low toxicity towards surrounding non-affected areas. Ding et al. 

[44] reported on DNA-conjugated CQDs/CNDs and functionalised variations which showed 

potential use as fluorescent drug delivery vehicles. Very recently, Feng et al. [45] described a 

'charge convertible' polymer-functionalised CQD/CND system for the transport and release 

of cisplatin (platinum-based drugs) to cancer cells. The ability to change the charge nature of 

the system in slightly acidic conditions (often caused by cell disease) allowed for the quick 

and efficient release of the drug once at the target cells. It was shown in vivo that this system 
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afforded high efficacy towards tumour inhibition, as well as low toxicity to surrounding 

normal cells. 

The following sections of this review chapter now focus on other aspects of CNPs, with 

particular reference to CQDs/CNDs, since this was the form of CNP that was studied in the 

experimental part of the study. 

 Formation of CNPs (methods of synthesis) 2.3.

A large and diverse range of methods have been developed for the small- and large-scale 

generation of CNPs, with each individual method having advantages and disadvantages 

compared with the others. All start with some form of bulk-phase carbon as the precursor 

material from which the NPs are then synthesised. Often, fine-tuning of reaction conditions 

(e.g. temperature, precursor, reaction/process time) can be used to tailor the final dimensions 

and properties of the generated CNPs. The different methods are generally separated as being 

either top down in nature (e.g. laser ablation/arc discharge), where NPs are formed by the 

breakdown-removal of a larger carbon structure (e.g. a graphite block/electrode) or bottom up 

(e.g. thermal or microwave-assisted) where particles are grown from smaller units (molecular 

clusters derived from organic precursors such as glycine or sucrose) to the desired size [46]. 

In the case of fullerene NPs, the original method of production was via the electric arc 

discharge between graphite electrodes in an inert (helium) atmosphere at low pressure. 

Carbon is evaporated and condenses out in the form of soot with small levels of the desired 

NPs (C60). Alternatively, laser evaporation of a suitable target material can also be used for 

small-scale production of fullerenes. For larger scale production, high temperature/low 

pressure flame combustion of organic materials such as ethene and benzene is used. 

CNTs are synthesised by three main evaporation-condensation based methods; low 

temperature (< 800 °C) catalytic chemical vapour deposition (CCVD), and high temperature 

(> 1000 °C) electric arc discharge and laser ablation. CCVD involves the decomposition of 

an organic vapour (methane or ethene, for example) in the presence of a metal catalyst, which 

promotes the growth of CNTs at catalyst surface sites. Focused laser ablation of a heated 

graphite block (1200°C/argon atmosphere) with a metal catalyst efficiently produces 

SWCNTs, with their diameter varying with the laser power used (higher power leading to 

smaller diameters). Electric discharge between graphite electrodes in a sealed chamber 

(1700°C/high pressure He-H2 atmosphere) leads to the evaporation and condensation of soot 

at the cathode and on the chamber wall surfaces. In all cases, MWCNTs are the main product 
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in the absence of a suitable metal catalyst, whilst SWCNT formation is promoted by catalytic 

growth at metal surfaces (e.g. those of Co, Ni, Fe, Pt and Ag)  [13]. 

 'Bottom up' synthesis of CQDs/CNDs 2.3.1.

 Thermal synthesis 2.3.1.1.

Guo et al. [47] described a simple and cost-effective thermal route to the formation of 

fluorescent CQDs/CNDs using hair (containing the structural protein keratin) as a source of 

carbon for particle generation. The human hair (sourced from barber shop waste) was heated 

continually for 24 hours at 200°C in an oven, resulting in the production of a solid black 

deposit (via the process of carbonisation). After being dissolved in water and then 

centrifuged, this produced a very high yield (95%) of CQDs/CNDs with a modal size of 4-5 

nm. Upon irradiation with UV light (365 nm), the NPs exhibited bright blue fluorescence, 

with the peak emission (observable colour) shifting to longer visible wavelengths as the 

excitation wavelength was increased. The particles were reported to be photostable 

(maintaining fluorescence emission) for over an hour and showed good potential for the 

sensing of Hg
2+

 ions (an environmental pollutant species with high cellular toxicity) [47]. 

 Hydrothermal -aqueous synthesis 2.3.1.2.

Chen et al. [48] synthesised CQDs/CNDs through the hydrothermal (solution heating) 

treatment of lignin (a key structural organic polymer present in plants and algae) in the 

presence of hydrogen peroxide (H2O2) ï see Figure 2.4. Separate mixtures of lignin dispersed 

in water with added H2O2 were heated in an autoclave at 180°C for periods of 10 minutes 

through to an hour in order to study differences in the NPs obtained. The solutions obtained 

were then filtered to remove any remaining lignin and dialysed to remove excess peroxide.  

Maximum product yield was reported as 12% for those NPs obtained after hydrothermal 

treatment for 10 minutes, with the yield decreasing for longer periods of treatment. The 

CQDs/CNDs obtained in this way showed strong blue fluorescence with good stability. They 

also exhibited the key properties of low cytotoxicity and high biocompatibility and appeared 

to have promising potential for bioimaging applications. 
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Figure  2.4. Electron microscope images of carbon nanodots synthesised hydrothermally using lignin 

as a carbon source. (a) low resolution showing distribution of NP sizes and (b) high resolution of a 

single dot. Image reproduced with permission from [48]. 

 Microwave-assisted synthesis 2.3.1.3.

Microwave-based methods involve the placing of a solid carbon precursor or a reaction 

solution containing the precursor in a microwave oven and subsequent exposure to 

microwaves for a set period of time. Wang et al. [49] used this method for the production of 

CQDs/CNDs using the proteins present in egg shell membrane as a source of carbon (Figure 

2.5). 

           

Figure  2.5. Schematic of the microwave-assisted generation of carbon nanodots ('C-Dots') starting 

from proteins present in egg shell membrane ('ESM'). Image reproduced with permission from [37]. 

The NPs showed the desired optical property of strong fluorescence emission (peaking at 

450 nm) with a quantum yield of 14%, and so could be developed for applications such as 

bioimaging and the sensing/monitoring of specific ionic pollutants (mercury and iron, for 

example). The authors concluded that this was a viable, cheap and fast method for CQD/CND 

synthesis with a recyclable waste product carbon source (egg shell).  
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He et al. [50] reported on their study in which N-doped CQDs/CNDs were rapidly generated 

(over the course of less than 10 minutes) from the solid-phase microwave irradiation of the 

amino acid L-glutamic acid. The NPs produced in this way were ~ 1.6 nm in size and showed 

strong and stable blue fluorescence with a high quantum yield (~ 41%), which varied with 

both pH and excitation wavelength. These NPs exhibited potential for cellular bioimaging as 

a result of their strong and tuneable fluorescence and low cytotoxicity. In a further example 

of the microwave-based synthesis method, Zhang et al. [51] produced N-doped CQDs/CNDs 

by the aqueous-phase microwave irradiation of diammonium hydrogen citrate, with the dots 

showing high fluorescence quantum yield (27%), high biocompatibility and low cytotoxicity. 

It was therefore concluded that these dots showed good promise in cellular imaging 

applications. 

Finally, Zhai et al. [52] used a microwave-assisted pyrolysis technique involving a citric acid 

precursor and a surface passivating agent, EDA (1,2-ethylenediamine) ï Figure 2.6. The 

CQDs/CNDs produced by this method were 2-3 nm in size and showed high fluorescence 

quantum yield (30%). In addition, they were shown to be efficiently taken up in specific cells 

and to have low cytotoxicity, therefore again showing the potential of CQDs/CNDs for 

bioimaging applications.  

 

Figure  2.6. Data obtained from the synthesis of fluorescent carbon nanodots by microwave-assisted 

pyrolysis of citric acid: (a) absorption ('Abs') and fluorescence ('PL') spectra of dots, (b) electron 

microscope image and size distribution (inset), (c) change in PL intensity with different excitation 

wavelengths and (d) change in PL intensity with different amine species for nanodot surface 

passivation. Images reproduced with permission from [40]. 
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 'Top down' synthesis of CQDs/CNDs 2.3.2.

 Laser ablation 2.3.2.1.

Reyes et al. [53] described the focused laser ablation of a solid carbon target in a beaker of 

acetone (see Figure 2.7) for the generation of CQDs/CNDs. A pulsed Nd:YAG laser (with 

pulse durations on nanosecond timescale) was used for irradiation at infrared (IR), visible and 

ultraviolet (UV) wavelengths of 1064, 532 and 355 nm, respectively. This produced 

spherical-like NPs between 5 nm and 20 nm in size in numbers controlled by the ablation 

process (e.g. laser power/pulse, duration/repetition, rate/wavelength) ï with higher numbers 

of smaller NPs resulting from UV ablation while lower numbers of larger (agglomerated) 

NPs resulting from IR ablation. The particles produced at all wavelengths showed 

fluorescence emission, but this was most intense from ablation at 355 nm. The peak emission 

wavelength from the CQDs/CNDs was shown to be tuneable according to both ablation and 

excitation wavelength and ablation time.  

                           

Figure  2.7. Schematic of the experimental set-up for the production of carbon nanodots via laser 

ablation of a carbon target under organic solvent. Image reproduced with permission from [53]. 

Nguyen et al. [54] described their formation of CQDs/CNDs by the laser ablation (using a Ti 

Sapphire laser pulsed at a femtosecond timescale) of graphite powder dispersed in 

polyethylene glycol (PEG), which led to the generation of graphitic NPs with a size of 1-3 

nm. In turn, it was shown that these nanodots were both strongly fluorescent and highly 

selective and sensitive in the detection of a range of biologically relevant ion species. 
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 Electrochemical synthesis 2.3.2.2.

As implied by the name, these synthesis methods involve the use of electricity to initiate a 

reaction between chemical precursors in solution, leading to the production of CQDs/CNDs. 

An example is that of Wang et al. [55], who used the amino acid glycine in an alkaline 

solution as a precursor to form NPs via electro-oxidation/polymerisation, carbonisation and 

surface passivation (see Figure 2.8).  

The NPs they formed showed strong and stable fluorescence emission at 440 nm (from 

excitation at 365 nm), which in the presence of haemoglobin (blood cell protein) exhibited 

concentration-dependent emission (decreasing with increasing haemoglobin), and therefore 

these CQDs/CNDs have the potential to be used as a biological sensor. 

        

Figure  2.8. Schematic of the processes involved in the electrochemical synthesis of carbon nanodots 

using a glycine precursor. Image reproduced with permission from [55]. 

Another example is the study of Niu et al. [56], who reported on the formation of 

CQDs/CNDs (with an average size of 3 nm) by electro-carbonisation of nitrile compounds in 

an ionic liquid (to charge the NPs for easy separation and collection) using carbon-free 

electrodes. The NPs showed strong and broad fluorescence emission and were successfully 

used for cell imaging and ion (Fe
3+

) detection. 
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 Characterisation of CNPs  2.4.

A number of state-of-the-art analytical techniques are typically used to study the physical and 

optical properties of synthesised carbon-based NPs. Usually, the first step is the imaging of 

the particles using transmission electron microscopy (TEM), in order to estimate a size 

distribution and an average or modal size from a sample of particles viewed at low-medium 

instrument resolution, while high resolution (HR)-TEM is used to image individual NPs. 

Single particle imaging/analysis is important for determining particle morphology and surface 

structure-integrity. Other methods for measuring particle size include atomic force 

microscopy (AFM) and dynamic light scattering (DLS), which involves measuring the 

intensity of scattered laser light from a solution containing the NPs. TEM/AFM gives size 

information on dry particles while DLS gives a hydrodynamic size of hydrated particles. 

Liu et al. [57] used a microwave-assisted method for the rapid and easy synthesis of 

CQDs/CNDs using polyethyleneimine (PEI) and glutaraldehyde (GA). By varying the 

relative concentrations of these two species, a range of NPs were formed with tuneable 

fluorescence emission. Figure 2.9 shows a composite of images obtained from both TEM and 

AFM imaging of the particles formed by this method. 

 

 

Figure  2.9. (a & b) HRTEM imaging of carbon nanodots formed by microwave irradiation of a 

mixture of PEI and GA precursors. (c & d) AFM imaging of the same NPs. Image reproduced with 

permission from [57]. 

HRTEM showed that the particles were crystalline in nature with a narrow size distribution of 

2-7 nm (average = 5 nm). The sizes measured using DLS were larger at 10-15 nm due to the 

presence of a hydration shell in the solution. AFM, however, confirmed the TEM sizes. 

In this same study, other characterisation techniques used included: 
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(1) X-ray photoelectron spectroscopy (XPS) for the verification of the chemical composition 

of NPs from the determination of characteristic x-ray absorption edges present in XPS spectra 

(Figure 10c); 

(2) Fourier-transform (FT)-IR spectroscopy for identifying the presence of surface functional 

groups from their characteristic IR absorption peaks in FTIR spectra (Figure 2.10 a & b),  

(3) UV-visible absorption spectroscopy to measure the light absorption spectrum of the NPs 

(4) Fluorescence spectroscopy to measure the fluorescence emission properties (e.g. peak 

wavelength position and dependence on excitation wavelength, and fluorescence efficiency 

or quantum yield QY (%)) of the particles and how they vary with changes in the synthesis 

conditions, e.g. changes in the precursor concentration ratio and surface group 

functionalisation. More detail on the nature of fluorescence, how it arises in CNPs and how it 

is measured is given in the next section (1.5). 

 

 

Figure  2.10. (a & b) FT-IR spectra of carbon nanodots shown in Fig. 9 (and the precursor PEI) and 

(c) XPS spectrum with main element edges labelled. Image reproduced with permission from [57]. 

Fluorescence emission measurements are also typically used to monitor the susceptibility, 

selectivity and efficiency of the binding of the NPs with biologically-relevant ions (e.g. Fe
3+

) 

in order to evaluate their potential as biosensing tools. Fluorescence emission measurements 

are also used to assess the uptake of NPs in specific cell types for bioimaging applications, 

and thus their possible role in the targeted, non-toxic delivery of specific drugs for the 

treatment of diseases and neurological conditions. 

 CNP Fluorescence  2.5.

Fluorescence (often also referred to as photoluminescence or PL) is an optical property of 

certain organic molecules and NPs whereby, upon absorption/excitation of light incident on 

them with usually short wavelength UV light (<350 nm), electrons then undergo specific 
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electronic transitions which result in the emission of light (EEM = hvEM or hc/ɚEM) at longer 

wavelengths (usually in the visible range, ~ 400-600 nm; EEM < EEX or ɚEM > ɚEX) ï see 

Figure 2.11 [58]. This fluorescence emission gives a colourless solution containing the 

species a distinct observable colour that can be tuned (i.e. the peak emission moves to 

different wavelengths) by varying certain NP synthesis conditions that determine particle size 

and surface chemistry. Once the excitation light is removed, the system returns immediately 

to the ground electronic state (lowest energy, most stable), and the solution of NPs becomes 

colourless once more. 

                            

Figure  2.11. A general electron energy level (Jablonksi) diagram depicting the three stages involved 

in fluorescence within species such as organic molecules and NPs: (1) excitation from the ground 

state (S0) by adsorption of a photon of energy hɜEX to a short-lived excited singlet state (S1'), (2) decay 

of S1' to a relaxed singlet state and (3) fluorescence emission hɜEM back to So. Image reproduced with 

permission from [59]. 

Such properties obviously make fluorescent CQDs/CNDs extremely attractive as 

medical/environmental sensor species where they interact and bind with the target ions or 

molecules which are being detected and monitored, and as biomedical marker species for the 

imaging of cells within the body for the identification and tracking of diseased areas [60]. 

NP fluorescence is experimentally measured using a spectrofluorometer, i.e. a spectrometer 

in which a sample of the NP solution is placed and irradiated by an excitation light source. 

The resultant fluorescence emission is then collected and displayed as a fluorescence 

spectrum for further analysis (see Figure 2.12). In all such experiments, it is crucial to avoid 

photobleaching of a species ï that is overexposure (caused by excitation light at too high an 

intensity), resulting in the destruction of the fluorescent nature and loss of emission. With 

these instruments, the average properties of bulk samples are obtained from typically ɛl - ml 

sample volumes. Other types of fluorescence-based instrumentation are also used for 

resolving fluorescence variation with spatial direction (fluorescence microscope/scanner) 
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while biological studies often use a cytometer to measure the fluorescence emission within 

cells in a flowing stream. 

                      

Figure  2.12. Generalised fluorescence spectra (light intensity vs wavelength: EX = excitation, and 

EM = emission) showing how the intensity of the emission varies as the intensity of the excitation 

changes. Image reproduced with permission from [47]. 

Examples of spectra for synthesised CQDs/CNDs are discussed in more detail shortly. 

Important properties of fluorescent NPs that are routinely measured and reported in studies 

are (i) the peak emission wavelength (and how it varies with varying excitation wavelength), 

(ii) the quantum yield (QY), which is an indication of the efficiency of the fluorescence 

process under a given set of conditions, and (iii) the fluorescence lifetime or inherent stability 

of the emission from the NP. These are all key factors in deciding the suitability and potential 

for a particular CQD/CND system for any future biosensor/biomarker application [26]. 

In the study reported by Li et al. (2017), CQDs/CNDs (~ 3-6 nm size) were synthesised by 

the hydrothermal treatment of citric acid with PEI. Both UV-Vis absorption and fluorescence 

properties of the NPs were subsequently studied (see Figure 2.13), with absorption peaks at 

252 nm and 358 nm [61] Using an excitation wavelength of 360 nm, strong fluorescence was 

observed at 459 nm, with the intensity decreasing at longer excitation wavelengths (up to 

410 nm) but remaining centred at 459 nm. Fluorescence QY was determined relative to the 

reference fluorophore quinine sulphate with a known QY = 0.54 or 54% (i.e. for every 100 

photons incident, 54 photons are emitted via fluorescence). QY for the CQDs/CNDs was 

reported at 48%, significantly higher than that reported in the work published on other NP 

systems. The fluorescence emission was observed to be highly stable but pH dependent and 

was used to test the ability of the NPs to detect morin, a plant-derived organic molecule used 

for detection of aluminium and tin ions in solution. 
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Figure  2.13. Optical spectra obtained from CNPs produced hydrothermally from citric acid. (left) 

absorption spectrum (black), overlaid with excitation and emission profiles as labelled (blue colour - 

see image top right of plot), and (right) variation of fluorescence emission intensity with excitation 

wavelength as indicated. Image reproduced with permission from [45]. 

Li et al. [62] synthesised water soluble CQDs/CNDs (< 5 nm size) using ultrasonic treatment 

of glucose in the presence of both acidic and alkaline solutions. The authors used UV-Vis 

absorption spectroscopy along with fluorescence spectrophotometry and microscopy to 

optically characterise these NPs, and found that they emitted strong fluorescence across a 

broad wavelength range from the visible to near-IR (~ 460-620 nm) ï Figure 2.14. Despite 

good photostability, however, the QY value determined for these CQDs/CNDs was relatively 

low at just 7% (relative to the reference, Rhodamine B in ethanol). 

Wang et al. [63] studied the optical properties of CQDs/CNDs (2-3 nm size) synthesised by 

microwave treatment (domestic 750 W oven, exposure for 10-15 minutes) of different 

carbohydrates such as glycerol, glucose and sucrose in the presence of a small concentration 

of inorganic ions (e.g. phosphate).  

           

Figure  2.14. Optical spectra of carbon NPs produced by ultrasonication of glucose ï absorption in 

black, and fluorescence in other colours, resulting from excitation wavelengths indicated. (left panel) 

ï CNPs produced in alkaline conditions and (right panel) those produced in acidic conditions. Image 

reproduced with permission from [62]. 
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It was found that the fluorescence emission was broad (~ 430-525 nm, see Figure 2.15) and 

varied in intensity with the excitation wavelength. The NPs exhibited good stability (i.e. no 

loss of emission intensity due to photobleaching effects) and QY values of ~ 3-6%, 

depending on the inorganic ions used in the reaction and the length of the microwave 

exposure time. 

       

Figure  2.15. (left) absorption spectra and (right) fluorescence emission spectra of CNPs produced 

from microwave irradiation of a glucose solution with added ions as indicated in the panels. Image 

reproduced with permission from [63]. 

A final example of the type of fluorescence data obtained from experimental synthesis and 

characterisation of CQDs/CNDs is that from [26], who chemically generated a range of CNPs 

from carbohydrates (including dextrose, ascorbic acid and cellulose) in the presence of 

dehydrating agents in various solvents over a range of temperatures (80-300 °C). Figure 16 

shows images for two of these fluorescent carbon nanoparticle forms, labelled FCN blue and 

FCN green after the peak position of fluorescence emission from them. FCN yellow and FCN 

red particles were also synthesised, and their optical properties measured. The table in Fig. 16 

lists the measured fluorescent properties of all the CNPs formed, including emission peak 

wavelength, extinction coefficient (measure of absolute intensity) and the QY values. 
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Figure  2.16. (Top) Physical form, observable colour of fluorescence emission and optical spectra 

(absorption - solid black line, excitation - dashed line and emission - coloured line) for CNPs obtained 

from the chemical treatment of different carbohydrate precursors. (Bottom) Summary of key data for 

the four types of fluorescent carbon NPs (FCN) synthesised. Images reproduced with permission from 

[26]. 

 Up conversion 2.5.1.

Another useful optical property of CQDs/CNDs that can be used to extend the range of 

bioimaging applications is up conversion, whereby upon simultaneous multi-photon 

absorption, the particles are able to fluoresce at shorter wavelengths than that of the incident 

light [64]. Typically, NIR excitation wavelengths are used for stimulating up conversion in 

CNPs, with subsequent fluorescence emission occurring at visible wavelengths. This property 

is especially useful for bioimaging applications where scenarios such as high spatial 

resolution, low background interference or low photon-induced toxicity is required, since the 

multi-photon absorption process is a highly localised and non-linear one.  

 Mechanism of CNP Uptake in Cells  2.6.

In order for any form of nanoparticle (< 100 nm), including CNPs, to be practical options for 

either bioimaging or drug delivery applications, they must, of course, be able to be taken up 

by the specific cell type/s being targeted. For this to happen, the nanoparticles must first be 
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stable enough to be transported through the bloodstream, without loss of function and without 

presenting any adverse effects in surrounding tissues or organs (cytotoxicity). Secondly, once 

they have arrived at the target area, the NPs have to be able to interact with the cell and cross 

the cell membrane in order to enter the cells [65]. 

The membrane is the key barrier surrounding and enclosing the cell interior (organelles and 

cytoplasm) which protects the interior and facilitates the selective transport of key ions and 

biomolecules both into and out of the cell. Cell membranes are typically composed of a 

bilayer of phospholipid molecules containing both hydrophilic and hydrophobic 'head' and 

'tail' units respectively, with some degree of cholesterol within which provides and maintains 

membrane flexibility whilst imparting sufficient rigidity. 

Typically, NPs larger than around 30 nm are unable to cross a cell membrane [65]. 

Consequently, carbon NPs such as QDs/NDs are, in theory, ideal, since they can be routinely 

synthesised in the 1-10 nm range, as discussed previously. The two main mechanisms 

thought to be responsible for CQD/CND uptake in cells are endocytosis and diffusion. 

Endocytosis is the process by which molecules or NPs outside a cell become enveloped and 

enclosed by the cell, and is a well-described mechanism by which cells regularly 'self-clean' 

the body by removing dead cell debris or foreign matter (see Figure 2.17). 

Endocytosis is further sub-classified with respect to the type of cell involved in NP uptake; 

phagocytosis, which describes the removal of cell debris from within cells, including 

macrophages, monocytes and neutrophils, and pinocytosis, where soluble species (ions and 

small molecules such as lipoproteins and transferrin) are taken up in non-phagocytic cells. On 

the far left of Fig. 17, the uptake of a large NP by phagocytosis is depicted, where the cell 

completely envelops the particle. To the right of this, another mechanism is depicted where 

smaller NPs are internalised by the cell via pinocytosis, where specific ligands bind to cell 

surface receptors [66]. Finally, the inset of Fig. 17 depicts the process of NP diffusion, where 

specific channel-transporter proteins within the cell membrane bind to the NP surface and 

facilitate the transport of the particles across the membrane to the cell interior.  
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Figure  2.17. Schematic depiction of the uptake process for CNPs in cells and transfer through the cell 

membrane to the interior - see text for discussion. Image reproduced from [65]. 

The efficiency of the uptake of NPs by cells is dependent upon a number of key NP 

properties, both physical and chemical. These include factors such as particle size and shape, 

surface charge, surface functionalisation (the nature of the functional groups attached at the 

particle surface) and the extent to which the NP is hydrophilic. As mentioned at the start of 

this section, spherical NPs below around 30 nm in size are readily taken up by most cells, 

whilst the uptake efficiency for larger spherical particles or irregularly shaped particles is 

generally reduced [67]. 

In terms of surface charge, generally, charged NPs are taken up by most cells more readily 

than those either with no charge or those that are zwitterionic in nature (i.e. consisting of both 

positive and negative components). This is thought to be a consequence of the negatively 

charged nature of the membrane itself, which naturally facilitates binding with positively 

charged NPs and the formation of a hydration layer, in both phagocytic and non-phagocytic 

cells. In addition, it has been observed that the uptake of charged particles increases as the 

initial surface charge increases.  

The nature of surface functional groups is also key, with groups such as hydroxyl (OH), 

carboxylic (COOH) and amine (NH2) all promoting more efficient cellular uptake of NPs. 

Both negative and positive surface charges can be enhanced by careful selection and 

synthesis of functional groups (carboxylic for negative charges and amine for positive 

charges). The hydroxyl group does not impart a particle surface charge but has been found to 

promote uptake by absorption in non-phagocytic cells. Numerous other uncharged NP surface 

ligands (for example proteins and carbohydrates) can also be attached via synthesis for 

subsequent enhanced cellular uptake.  
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Finally, further surface functionalisation can be tailored to vary the overall hydrophilic nature 

of NPs towards cell membrane components via changes to the flexibility/rigidity of the 

membrane upon particle attachment. 

 CNP Applications 2.7.

Throughout this review, the properties and potential applications of CNPs have been outlined 

and numerous references to published work given with respect to the three main areas in 

which they are finding increasing use; (1) biosensing of key ionic species and molecules, (2) 

bioimaging of specific cell types for detection and monitoring of disease and (3) drug 

delivery in the therapeutic treatment of diseased cells. This final section will now provide a 

more detailed look at the second of these areas, since this is the primary focus for extension 

of the findings from the experimental part of this study, with recent examples discussed for 

both in vitro and in vivo studies. 

 In vitro bio -imaging 2.7.1.

Before testing for the bioimaging potential of a particular NP type, it is crucial to establish 

that it poses no significant risk in terms of cytotoxicity. In the first example of in vitro testing 

of synthesised CQDs/CNDs, Park et al. [68] studied the cytotoxicity and uptake of 

fluorescent CNPs of 2-4 nm size, formed by the ultrasonic treatment of food waste in ethanol, 

for a range of animal cell types (see Figure 2.18).  

          

Figure  2.18. (top) cell viability-cytotoxic data from CNP seeding of cells and (bottom) fluorescence 

microscope images of HepG2 cells containing NPs at concentrations of (a) 0.5 mg/mL and (b) 1 

mg/ml. Images reproduced from [68]. 
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For cytotoxicity testing, Chinese Hamster ovary (CHO-K1), mouse muscle (C2C12) and 

African green monkey kidney (COS-7) cells were seeded with the synthesised CNPs at 

concentrations of up to 4 mg per ml, and monitored using optical density measurements. 

Figure 2.18 (top) shows the toxicity results as a plot of cell viability (%) versus CNP 

concentration (after 24 hours of exposure) for the three cell types, compared with control 

samples. Up to approx. 2 mg per ml of NPs, no cytotoxic effects were observed on any of the 

cells, while cell viability began to decrease at higher levels.  

Uptake and bioimaging of the NPs in HepG2 (human liver cancer cells) were observed using 

a confocal fluorescence microscope and Argon ion (Ar
+
) and helium-neon (HeNe) lasers for 

excitation of fluorescence (observed to occur in the 400-470 nm region (decreasing intensity) 

for excitation at between 330 and 405 nm).  

Figure 2.18 (bottom) shows images from cell uptake at two NP concentrations (after 30 

minutes) as given in the caption. Strong red fluorescence is evident, resulting from uptake by 

the cells, while none is present from the surrounding cytoplasm or control cells. 

Consequently, these CNPs were concluded to show strong potential for future routine 

bioimaging applications. 

Another example study is that of Liu et al. [57], who used CQDs/CNDs (2-7 nm size) 

synthesised from the microwave treatment of PEI (poly-ethylenimine) in the presence of a 

glutaraldehyde cross-linker for NP surface functionalisation. Two types of CNPs were 

synthesised based on their resulting fluorescence properties; blue carbon nanodots (B-CDs) 

and tuneable carbon nanodots (T-CDs). B-CDs exhibited the highest fluorescence intensity, 

at 464 nm (excitation at 347 nm) while T-CD emission could be varied to yellow 

wavelengths (up to 556 nm). 

Cytotoxicity assays were performed on HeLa (human cervical cancer) cells seeded with the 

CNDs at varying concentrations (10-400 ɛg/ml), with cell viability determined by optical 

density measurements after a 24-hour period (Figure 2.19).  
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Figure  2.19. (a and b) HeLa cell viability-cytotoxicity data for blue and yellow fluorescence emission 

carbon nanodots (microwave synthesised) and (c-e) fluorescence microscope images of CND uptake 

in HeLa cells. Images reproduced from [57]. 

Both blue and yellow types of CNDs showed low cytotoxicity up to a particle concentration 

of 200 ɛg/ml, with higher cell viability (greater biocompatibility) at all NP levels for the T-

CDs (Fig. 2.19 a&b). 

HeLa cells were then studied for NP uptake-bioimaging potential, again by seeding with 

different concentrations of the synthesised B- and T-CDs. After 2 hours, cells were imaged 

using confocal fluorescence microscopy (Fig. 2.19c-e), with the yellow light emitting T-CDs 

showing efficient passage through the cell membranes and uptake within the cell nucleus and 

therefore possessing good potential for bioimaging (and biosensing and drug delivery) 

applications.  

 In vivo bio-labelling 2.7.2.

The process of bio-labelling refers to the specific chemical binding of a fluorescent species 

(label/tag/probe) to a target biomolecule (protein/amino acid/antibody) or cell in order to 

detect and monitor that molecule. For many years, this function was performed by well-

known organic molecular fluorophores such as fluorescein, but upon the discovery of the 

optical properties of CNDs, and advances in their synthesis and functionalisation, these NPs 

are increasingly of interest as in vivo bio-labels.  

Zhang et al. [69] described in vivo studies with synthesised CNDs in zebrafish embryos. 

CNDs of 3-6 nm size were generated using both thermally- and microwave-assisted 
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carbonisation starting with citric acid, human hair and pig skin as sources of carbon. 

Zebrafish were chosen as a model organism for evaluating associated factors (e.g. absorption, 

distribution, metabolism and excretion) determining the CND bioprobe potential. They 

represent a good model for a number of reasons, including their low cost, ease of handling 

and relatively simple life cycle, but also due to their short period of embryonic development 

and the fact that the embryos are transparent and therefore amenable to optical in vivo 

imaging. At early development stages, the fish cells are especially susceptible to uptake of 

species and so offer a good subject for testing of toxicity, and the transport and 

biocompatibility of CNDs. The primary reason for their selection, however, was that the 

zebrafish genes share many similarities with those of humans, therefore allowing for 

experimental in vivo findings to be extrapolated to some reasonable extent to human 

physiology. 

Zebrafish embryos (at different periods of time in hours post fertilisation, or hpf) and larvae 

were injected with varying concentrations of synthesised CNDs that showed strong 

fluorescence throughout the visible range and at high QY. They were then imaged using a 

confocal fluorescence microscope (see Figure 2.20). The figure shows optical images of 

CND-treated embryos (A: 6-48 hpf) and larvae (3-15 days post fertilisation), while the 

images in B-D labelled rows show in turn blue, green and red fluorescence emission from 

CNDs at each corresponding developmental stage of the two zebrafish forms. 

 

 

Figure  2.20. (top - A) optical images of zebrafish embryos and larvae post fertilisation and addition 

of CNDs (formed from skin; at 0.4 mg/mL) and (B-D) fluorescence microscope images with varying 

emission wavelengths from same samples. Image reproduced from [69].  

It was concluded that the fluorescence intensity was both time and CND dose-dependent and 

that intensity decay with time was slow enough (therefore the CNDs photostable enough) to 
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make the hair and skin-derived NPs a viable bioprobe for in vivo studies in other organism 

systems. 

Huang et al. [70] used mice for in vivo studies of the potential of synthesised NIR fluorescent 

CNDs as bio-labels and found that they showed the desired NP properties (photostability/low 

cytotoxicity), were efficiently distributed but also that the cellular excretion and tumour 

uptake of the NPs depended upon the nature of/position at which they are injected, with the 

highest clearance rate resulting from intravenous injection (compared with intramuscular and 

subcutaneous injection). 

Zheng et al. [64] also used mice for in vivo studies with synthesised CNDs (made using 

carbohydrate and amino acid precursors) for targeting brain cancer tumours. The CNDs 

exhibited strong, tuneable, fluorescence emission after injection into mouse subjects, with 

good biodistribution and biocompatibility. Fluorescence intensity was observed to be 

significantly stronger from the tumour sites (compared with non-tumour locations) for CNDs 

made using aspartic acid, indicating the ability of these NPs to penetrate effectively into the 

targeted area. NPs formed from other amino acid and sugar precursors were not able to 

discriminate between normal and cancerous tissue, showing much weaker intensity. The 

images shown in Figure 2.21 track the transport of the NPs through the mouse over the 

course of 90 mins with the targeted tumour site showing highest emission intensity. 

 

              

Figure  2.21.Fluorescence imaging of in vivo (mouse) uptake and time-dependent distribution of 

CNDs formed from aspartic acid, showing the enhanced ability of the particles to attach and penetrate 

to brain tumour (glioma) cells compared with normal tissue. Image reproduced from [64]. 
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 Summary 2.8.

This review chapter has discussed a number of key topics concerning carbon nanoparticles, 

with a focus on carbon nano (or quantum) dots, small (< 10 nm size) particles. These can be 

synthesised relatively cheaply and quickly by green (environmentally-friendly) methods, 

starting from simple, easily sourced carbon-based materials, such as food waste, hair and egg 

shell membrane (amongst many other examples that have been outlined).  

Many of the synthesis methods, both top down and bottom up in nature, have been devised 

for both small- and large-scale production of carbon nanodots (CNDs). This review has 

outlined many of these, with a particular focus on the microwave-assisted approach that was 

adopted in the experimental part of the work described in this thesis. By careful choice of 

reaction conditions, and inclusion of other reagents for the attachment of functional groups at 

the particle surfaces, it is possible selectively to tailor a particle's dimensions and properties 

as required for a target application. 

Accurate characterisation of synthesised CNDs is vital, and, to this end, a number of 

techniques are typically used, including electron (and atomic force) microscopy for imaging 

of particles and determination of their size and shape, some form of elemental 

characterisation technique (e.g. x-ray photoelectron spectroscopy), and a number of 

spectroscopic methods (UV-Vis/FTIR/fluorescence) to determine the optical properties. 

CNDs invariably display strong light absorption and fluorescence emission properties, 

making them excellent candidates for a number of practical applications, including 

ion/molecule biosensing, cell uptake and bioimaging and drug delivery vehicles. 

Fluorescence emission can often be tuned over a range of wavelengths through the visible to 

NIR wavelengths, with CNDs exhibiting good photostability and high fluorescence quantum 

yield. 

For applications involving cell imaging or drug delivery, it is essential that the CNDs are not 

cytotoxic in nature towards cells other than those targeted, and that they can readily interact 

with the target cells, cross the cell membrane and be taken up in the cell interior for imaging 

purposes or for release of a drug molecule. 

A number of recently published studies (from 2013 onwards) have been highlighted in the 

review in order to (i) reflect on each of the key aspects of CND synthesis, characterisation 

and optical properties and (ii) indicate the surge in the research done in recent years on these 

nanoparticle forms as techniques improve and the range of potential applications increase. 
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 Chapter Three: Materials and Methods 3.

 Introduction  3.1.

This chapter describes the materials and methods used to synthesise and characterise the 

carbon nanoparticles. The chapter first explains the process through which the carbon 

nanoparticles were synthesised and stored, before outlining the various characterisation 

techniques used to determine the physical and chemical properties of the particles. Finally, it 

sets out the biological characterisation that was undertaken to assess cellular viability.  

 Experimental  3.2.

 Discover SP ï microwave synthesiser.  3.2.1.

Microwave technology is being widely used for chemical synthesis, both in academic 

research and industry. The microwave instrument used in this project was the Discover SP 

(CEM) which is a single mode microwave system (Fig. 3.1). The main advantages of using 

this microwave synthesiser to produce carbon nanoparticles are that the reaction power, 

pressure and time can be accurately controlled. The maximum power is 300W, with a 

magnetron frequency of 2.45 GHz. Also, the system is able to operate both in pressurised 

reaction vials and at atmospheric pressure. An optical IR thermometry sensor is situated 

under the reaction vessel to detect and control the temperature. This system can work at 

temperatures up to 300°C. Synergy
TM 

software controls and monitors the reaction 

temperature, time, power and pressure during the synthesis process. 

 

 

 
 

 

 

Figure  3.1. (A) Discover SP microwave synthesiser (CEM). The reactor has one cavity with a 

pressure device. A monitor in front of the cavity shows the temperature and time and connects the 

instrument to a computer. (B) Schematic diagram illustrating the microwave heating process. During 

the heating process, the surrounding microwave reactor provides a uniform EM field which ensures 

the sample is heated evenly. A vent in the pressure device removes excess gas pressure; while keeping 

the reaction under sealed conditions. (C) Side view of the specific glass vessels with lip seals used in 

the synthesiser. Images reproduced from CEM Corporation website (2006) [71]. 
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 Materials 3.3.

Alginic acid sodium salt [W201502-1kg] was purchased from Sigma-Aldrich, glycerol 

[G5516-1L] was purchased from Sigma Aldrich and the D-(+) glucose (Mw =180.16 g/mol) 

was purchased from Sigma-Aldrich. All materials were used as received from either Sigma-

Aldrich or Fisher Scientific. All the aqueous solutions were prepared using distilled water. 

The main chemicals used in the study are listed below with the full details of grade, 

molecular weight and supplier. 

Table  3.1. Chemical reagent and suppliers used in this project  

Reagent  Supplier   

Sodium alginate  Sigma Aldrich W201502-1kg 

D-(+)-Glucose  Sigma Aldrich 50-99-8-1kg 

Glycerol  Sigma Aldrich G5516-1L 

Quinn sulphate  Sigma Aldrich 207671-44-1 

Ethanol  Fisher Scientific   64-17-5 

Sulphuric acid  Sigma Aldrich  07208-2.5L 

 

 Synthesis of Carbon Nanoparticles (CNPs) 3.4.

Glucose and Na-alginate were used as carbon sources to produce carbon nanoparticles (see 

Fig. 3.2 for molecular structures). They are a highly favourable for use as biomaterials due to 

their highly stable, non-toxic, safe, hydrophilic and biodegradable nature. For example, 

Glucose being one of the cheapest and most abundant carbohydrates has been extensively 

studied. [72-74]. Also, sodium alginate was previously chosen as a molecular precursor for 

synthesis because it was a food additive approved by the Food and Drug Administration 

(FDA) and is certified safe for human consumption[75]. The alginate has also been used in 

biomedical applications, including drug delivery, which has shown good biocompatibility. 

This would minimize possible toxicity issues for CNPs products and could be adopted for 

biomedical applications in the future with a higher level of confidence. A li mited amount of 
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studies have been reported where sodium Alginate was used as carbon source [76, 77]. To the 

best of our knowledge until date, there is no report yet on the production of CNPs from 

alginate nanoparticles that were pre-formed via Discover SP ï microwave synthesiser 

5 g of each material was added to 10 ml of glycerol and 40 ml of distilled water to form clear 

aqueous solutions. These solutions were then transferred to 35 ml vials, placed in the 

microwave synthesiser and irradiated under set temperature/pressure conditions. Within the 

first two minutes of heating, the colour of the solutions was seen to change to brown/dark 

brown due to formation of carbon nanoparticles (CNPs). The obtained mixture was ultra-

centrifuged in order to separate the larger sized carbon particles from the CNPs. The larger 

sized carbon particles settled at the bottom of centrifuge tube and the CNPs contained within 

the supernatant solution were removed carefully for dialysis. The dialysis process was 

performed using a cellulose acetate membrane. After dialysis, the CNPs were freeze dried 

and finally stored in glass vials at a low temperature prior to physical/chemical 

characterisation and the final bio-application study.  

 

Figure  3.2. Flow diagram showing the method sequence used for the microwave-assisted synthesis of 

carbon nanoparticles (CNPs).  
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 Purification of carbon nanoparticles  3.4.1.

After the carbon nanoparticles were synthesised, the suspension needed to be purified in 

order to remove impurities and any reagent left over from the synthesis. Two steps were used 

for these purifications. Firstly, centrifugation was important to remove the aggregation and 

large particles from the suspensions. All the samples were centrifuged at 4000 rpm for 10 min 

at which point a pellet was removed and the supernatant observed and re-suspended with 

distilled water. The supernatant was then centrifuged again, and this step was repeated three 

times. Secondly, 10 m rolls of dialysis membranes with a molecular weight cut-off of 1 kDa 

MWCO and flat-width of 45 mm were obtained from Spectrum Labs. Before use the 

membrane was rinsed with deionised water. Dialysed carbon nanoparticles were obtained by 

adding 15 ml of CNPs suspension into a dialysis membrane. The samples were moved to a 

beaker with 2 litres of deionised water under mild stirring, allowing solvent/water exchange 

to take place. In the first two hours the water colour changed from clear to yellow due to the 

colour of the CNPs. This indicated that the water needed to be replaced every two hours. 

Nanoparticle dialysis was allowed to take place overnight, resulting in a total exchange time 

of å24 h. [78, 79].  

 

 Freeze drying of carbon nanoparticles   3.4.2.

Storing CNPs as suspensions presents a risk of microbial contamination [80] . Also, the high 

aggregation rate of CNPs may result in a change in their properties during storage. The CNP 

suspensions were therefore transferred to dry powder by freeze drying. This is very widely 

used for drying nanoparticles and is used to ensure the long-term stability of CNPs so that 

they retain their original properties [80]. The main principle of this process to remove the 

water from the samples during the freezing process by sublimation and desorption under 

vacuum. In this study a Christ EPSILON 1-4 LSC freeze dryer (see Figure3.3) was used. In 

general, the freeze-drying process can be divided to three steps: firstly, pre-freezing the 

samples at (-20°C) (solidifications), then primary drying which provokes sublimation of the 

ice and secondary drying which removes the remaining unfrozen water through desorption. 

After drying the powder, the CNPs were obtained and stored in an airtight container at <5°C 

until further use [80].  
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Figure  3.3. Picture of the Christ EPSILON 1-4 LSC freeze dryer machine used in this study   

 

 Particle Characterisation 3.5.

 Introduction  3.5.1.

The main analysis or characterisation of a substance can be defined as the identification and 

study of its structural and elemental properties of the substance that are important with 

respect to use within particular preparations or the reproduction of particular substances [81]. 

Characterising nanomaterials is vital for understanding their properties. It is essential to 

consider that the properties like size distribution, average particle diameter and charge have 

an effect on the physical stability of nanoparticles distribution [82]. The physiochemical 

characteristics of biomaterials contribute significantly to cellular interaction and play a key 

role in the in vivo functioning of a material [81]. Of special importance is the surface of the 

biomaterial. This may be only a few atomic layers wide but forms the interface connecting 

the biomaterial and its surroundings, thereby participating in both the in vitro and in vivo 

biological and chemical reactions. The physical characteristics of the biomaterial are 

dependent upon the inherent internal molecular configuration or micro-architectural 

geometry, including factors such as the density and surface area, as well as the morphology 

or size of molecules and pores, general porosity, percentage porosity and pore orientation. 

Using advanced microscopy techniques such as atomic force microscopy (AFM), scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) help to determine 

the size, morphology and surface charge of the particles. 
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This project used different characterisation techniques to evaluate the material properties of 

particle produced. The physical properties were analysed using characterisation methods 

including transmission electron microscopy (TEM), dynamic light scattering (DLS) and 

fluorescence spectroscopy. The chemical properties, meanwhile, were evaluated using 

Fourier transform infrared (FTIR) spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy, 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). 

The biological analysis and biocompatibility of the CNPs was studied using resazurin (blue 

dye) assays along with other methods described in section 4.6. 

 Analytical methods 3.5.2.

 Transmission electron microscope (TEM) 3.5.2.1.

TEM has shown itself to be an extremely useful analytical technique in material sciences. 

Passing a high energy electron beam through a very thin sample produces interactions 

between the electrons and the sample atoms that can be employed to identify characteristics 

including crystal structure, atomic dislocations and grain boundaries within the sample 

material. Chemical analysis can also be conducted using TEM and the technique is useful for 

examining the growth of layers, layer structure and defects in semiconductors. High 

resolution TEM scanning can also be implemented to examine the quality, shape, size and 

density of quantum wells, wires and dots [83]. 

TEM operates along the same fundamental principles as light microscopy, except employing 

electrons in place of visible light (see Fig. 3.4 for microscope configuration). As the 

wavelength of electrons is much shorter than that of visible light, the optimal resolution 

achievable for TEM images is many orders of magnitude greater than that achieved with light 

microscopy. TEM is therefore invaluable for elucidating the finest aspects of internal 

morphology, even down to the atomic level [83]. 
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Figure  3.4. Schematic highlighting the basic structure and optical components of a transmission 

electron microscope. 

 

In the study described in this dissertation, EEE JEOL 2010F TEM was used to obtain very 

high-resolution images. All the images were acquired using Digital Micrograph 1.8 software 

(Gatan, CA, USA). 10 ɛl solutions of CNPs were pipetted onto a 300-mesh copper grid.  The 

sample was allowed to air-dry for one hour and any remaining liquid was dried manually 

using filter paper. Finally, the carbon film was attached to the grids for sample TEM imaging. 

The grids were examined using EEE JEOL 2010F EM at voltage 200 keV. 

 Dynamic light scattering (DLS)  3.5.2.2.

Dynamic light scattering (or photon correlation spectroscopy) is a common technique for the 

evaluation of particle size. A monochromatic light source, such as a laser, is directed onto a 

suspension containing spherical particles in Brownian motion (see Fig. 3.5). A Doppler shift 

results when the light makes contact with a moving particle, altering the wavelength of the 

incident light. The extent of the wavelength change can be correlated with the size of the 

particle. This enables computer analysis of sphere size distribution, particle motion in the 
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suspension, and determination of the diffusion coefficient of the particle by means of the 

autocorrelation function [84].   

This technique offers several benefits: firstly, it is a rapid technique and almost entirely 

automatised so, for routine investigations, significant expertise is not essential; secondly, it is 

not an expensive technique. Industrial particle sizing equipment tends to function at only a 

single angle (90°) and employs only red light (675 nm). Generally, there is little dependence 

on concentration. While it is possible to use more sophisticated experimental equipment (e.g. 

projector, short-wavelength light source, etc.) and these can dramatically improve the 

accuracy and flexibility of the method, they also involve more complexity and incur greater 

costs. 

Whilst this technique is theoretically capable of differentiating whether a protein is a 

monomer or dimer, it is however of much lower accuracy for differentiating small oligomers 

than classical light scattering or sedimentation velocity. The strength of dynamic scattering is 

the ability to evaluate samples consisting of a broad range of chemical moieties of greatly 

varying molecular masses (such as a native protein and various sizes of aggregates), and also 

to identify minute quantities of the higher mass species (< 0.01% typically). Furthermore, this 

methodology offers the capability of obtaining absolute measurements of a variety of 

parameters, (e.g. molecular weight, radius of gyration, translational diffusion constant, etc.). 

[84, 85] 

In this study, a ZetaPALS analyser instrument (Brookhaven Instruments Corporation - 

Figure 3.5) was used to study the size of the CNPs. This instrument was operated at 4 mW 

laser power with incident wavelength of 632.8 nm. The CNPs were diluted in water and 

filtered with a Millipore filter of 0.2-micron pore size. The backscattered light was collected 

at a 90° angle. 
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Figure  3.5. Picture and schematic view of Brookhaven Instruments Corporation ZetaPALS particle 

analyser. 

 

 Ultraviolet -visible absorption spectroscopy  3.5.2.3.

Ultraviolet-visible (UV-Vis) spectroscopy is a form of absorption spectroscopy that used to 

analyse the chemical structure of substance by using a visible light and ultraviolet. It is a type 

of spectroscopy used to measures the molecular absorption of light in the wavelength range 

of approximately 200-800 nm (see Fig. 3.6). UV spectroscopy makes use of the Beer-

Lambert law (which expresses a linear correlation between absorbance and concentration of 

an absorbing species). More specifically; the drop in intensity of radiation from a beam of 

monochromatic light passing through an absorbing solution, is directly proportional to the 

concentration of that absorbing solution and also the strength of the incident radiation. The 

energy of the radiation absorbed is therefore equal to the energy difference between the 

electron ground state and higher energy states ȹE = hȹɜ = hc/ȹɚ where, h is Planckôs 

constant, c is the velocity of light and ȹE is the energy absorbed in an electronic transition in 

a molecule from a low-energy state (ground state) to a high energy (excited) state [86]. 
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Figure  3.6.Schematic of the components and light path for a typical single beam-diode array detector 

UV-Vis spectrometer for light absorption measurements  

In this study the UV-VIS analysis of CNPs is described, whereby small quantities of diluted 

sample (1:10) were transferred to quartz UV cuvettes with a 1 cm path length. Distilled water 

was used as a reference and all spectra were recorded from 200 to 800 nm and analysed by a 

CARY 50 probe UV-Vis spectrometer.  

 Raman spectroscopy    3.5.2.4.

Raman spectroscopy is similar to infrared (IR) spectroscopy, since both are based on 

vibrational spectroscopy (see Fig. 3.7). The difference between the two techniques is that 

Raman bands result from variations in the polarisation of the target molecule caused by the 

incident light, whereas for IR, bands result from a variation in the dipole moment of the 

molecule in the presence of incident light. Raman spectroscopy is considered to be a 

conventional and useful technique for chemical analysis and characterisation, appropriate for 

a variety of chemical moieties. Samples may be analysed in various phases: solids (particles, 

pellets, powders, films, fibres), liquids (gels, pastes) and gases[87, 88]. 

 

 



48 
 

Figure  3.7. Schematic of the components and photon processes involved in a Raman 

spectrometer/Raman spectroscopy.  

In the current study a Raman DXRi instrument (Thermo Scientific, USA) was used (Fig. 3.8). 

The sample was first dried on glass, subsequent to which two accrual readings were obtained 

at 532 nm at an exposure time of 1 second for each measurement. The scanning laser was set 

at 10% intensity and 1 W power. The microscope was equipped with a 10× objective lens. 

The acquired spectral data was processed and analysed by OMNIC XRiÊ, OMNIC AtlusÊ 

and TQ AnalystÊ software suit (Thermo Scientific, USA). 

 

 

 

 

 

 

 

 

Figure  3.8. The Raman spectrometer used for analysis of CNPs. 

 

 X-ray photoelectron spectroscopy (XPS) 3.5.2.5.

X-ray photoelectron spectroscopy (XPS) is also called electron spectroscopy for chemical 

analysis (ESCA). This is the most common technique for surface analysis since it can be used 

for a wide variety of substances whilst offering invaluable empirical and qualitative details on 

the surface of the substance under examination. Spatial distribution details are produced by 

scanning the micro-focused x-ray beam over the surface of the sample. Depth distribution 

details are produced by amalgamating XPS measurements with ion milling (sputtering) to 

identify thin film morphologies. [89] 

The analytical procedure involved placing the sample in an ultrahigh vacuum environment 

where it is exposed to low-energy, monochromatic X-rays. X-ray bombardment effects the 

expulsion of core-level electrons from atoms within the sample. The energy of these expelled 

electrons is a function of their binding energy, being characteristic of the source element from 

whence they were derived. 
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In this study, the sample was prepared for analysis by depositing it onto indium foil. The 

analyses were carried out using a Kratos Ultra instrument with a monochromatic aluminium 

source, with one analysis point per sample. A survey scan was collected between 1200 to 0 

eV binding energy, at a 160 eV pass energy with 1 eV intervals. High-resolution O 1s and C 

1s spectra were then collected over an appropriate energy range at a 20 eV pass energy with 

0.1 eV intervals. Charge neutralisation was used. The analysis area was 700 µm by 300 µm.  

The data collected was calibrated in intensity using a transmission function characteristic of 

the instrument (determined using software from NPL) so as to make the values instrument 

independent. The data could then be quantified using theoretical Scofield relative sensitivity 

factors. The XPS data was calibrated to force the C 1s peak to be at 285.0 eV.  

 X-Ray Diffraction (XRD)  3.5.2.6.

The composition of atoms in any structure can clearly be seen after the application of X-Ray 

diffraction, hence the latter is perfect to use for the analysis of atomic-level matter. If the 

space between the sheets of mineral material is equal, X-Rays are equally dispersed at an 

angle. An arrangement of diffraction will be prevalent as a result of the X-Rays reacting with 

the crystalline material. In substances without a clearly defined shape or form, the space 

between atoms is not equal and they may appear to be disarrayed. This will be transferred 

into the diffraction pattern of the X-Rays, based on the dispersal of the interatomic spacing. 

In such materials without shape or form, a histogram displaying the interatomic spacing will 

be produced, as opposed to a lattice-style edifice from materials composed of crystals. Such 

information is covered by the so-called óBraggôs lawô, which focuses on the link between the 

angle of incidence, the spacing between atoms, and the incident light wavelength. This 

ultimately shows the relation of the atom spacing and the subsequent derived pattern [90]. In 

this study X-ray diffraction (XRD) patterns were obtained with a Bruker 2d at an accelerating 

potential of 30 kV and tube current of 10 mA and 2Theta 20-69. 

 FTIR spectroscopy 3.5.2.7.

Fourier transform infrared (FTIR) spectroscopy is the most popular IR technique. It involves 

subjecting the sample to IR radiation, some of which will be absorbed by the sample, whilst 

the rest will pass through and be transmitted. The spectrum produced by the transmitted 

radiation depicts the molecular absorption and transmission uniquely associated with the 

sample. In the same way as a fingerprint, no two different molecular structures can give rise 

to identical infrared spectra. This observation means that IR is invaluable for different forms 
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of analysis [86]. In this study, FTIR spectroscopy was carried out using a Thermo Scientific 

instrument (Fig. 3.9).    

  

Figure  3.9. FTIR spectrometer used for analysis of CNPs 

 

 Fluorescence spectroscopy  3.5.2.8.

Fluorescence occurs when a compound is excited (irradiated) by light of one wavelength and 

as a consequence emits light of another, typically longer, wavelength (see Fig. 3.10). A 

fluorometer is the term used for a spectrometer designed to record such a process, and closely 

resembles a spectrophotometer, comprising a light source and a filter, or monochromator, to 

select a defined range of excitation wavelengths, that are then directed towards the sample. 

The light produced by the sample is subsequently passed through another monochromator, 

which determines the emission wavelength of interest, in addition to removing most of the 

excitation light, before measurement at the detector. [91] 
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Figure  3.10. Energy level (Jablonski) diagram showing the origin of fluorescence (light emission of 

energy = hɜEm) in a material (bulk or nanoparticle) irradiated (excited) by light photons of energy = 

hɜEX. 

 

To measure the fluorescence spectra of CNPs, samples (in solution) were placed in a 1 cm 

path length quartz cuvette. These CNP solutions were analysed using a Fluoromax-4 

fluorescence spectrometer (Horiba) - see Fig. 3.11. All the samples were excited over a 

different range of wavelengths from 275 nm to 600 nm.  

 

Figure  3.11. (A) The FluoroMax spectrofluorometer (HORIBA Scientific) used to study CNPs and 

(B) the instrument sample holder. 
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 Confocal fluorescence microscope  3.5.2.9.

Laser scanning confocal microscopy has therefore become an invaluable tool for researchers 

examining cell structure and function, mainly due to its ability to offer sample visualisation 

deep within living and fixed cells, tissues and other samples. This technique offers the ability 

to collect precisely defined optical sections and use these to derive 3-D renderings. The basic 

structure of a confocal microscope is shown below in Fig. 3.12. Confocal microscopy 

provides several distinct benefits when compared with conventional light and electron 

microscopy. Firstly, the optical sectioning required by confocal microscopy eliminates the 

requirement for the physical sectioning needed with conventional light and electron 

microscopic techniques. As optical sectioning is relatively non-invasive, living tissue 

samples, rather than just fixed samples, can be examined with greater accuracy. Since optical 

sections have a relatively shallow depth (0.5ï1.5 ɛm) this permits data to be collected from a 

clearly-defined plane, rather than from across the entire thickness of the sample. This means 

that, rather than gathering out-of-focus light whilst the focal plane is above or below the 

sample, the image is black. This circumvention of out-of-focus light leads to an improvement 

in contrast, clarity and detection sensitivity. An additional benefit of confocal microscopy is 

the ability to take optical sections across different planes, i.e. the xy plane (at right angles to 

the optical axis of the microscope) and the xz and yz planes (parallel to the optical axis of the 

microscope). Additionally, confocal microscopy provides optical sections in a digital format. 

This dramatically enhances image processing and facilitates the production of digital prints of 

the image, whilst removing the time-consuming requirement for darkrooms and chemicals 

[92]. 
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Figure  3.12. Schematic of a confocal microscope used for imaging fluorescent emission from 

material samples.  

 Biological Characterisation  3.6.

 Cell culture: Materials and Methods 3.6.1.

The main equipment required for cell culture studies are a standard class II laminar flow hood 

(Walker Safety Cabinets, UK), water bath (operational temperature of 37°C), centrifuge, 

humidified incubator maintained at 37 °C with 5% CO2, a cell counter for counting and 

seeding sample cells, an inverted microscope and a refrigerator and freezer (-20°C and -80°C 

respectively).  

A sterile cell culture vessel (T75 flasks), Petri dishes and multi-well plates were employed for 

the cell cultures. All pipettes and tips were pre-sterilised with alcohol. 
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 Cell culture medium  3.6.1.1.

A suitable medium was prepared for all the cell culture experiments. Firstly, from a 500 ml 

flask of high glucose DMEM (Biosera, Boussens, France) 61.25 ml of media was removed. 

Then the remaining DMEM was supplemented with 40 ml foetal calf serum (FCS), 5 ml L-

Glutamine (100×), 5 ml penicillin streptomycin (10,000 µg / ml, 10,000 µg / ml) and 1.25 ml 

amphotericin (FungizoneÊ). This provided 500 ml of DMEM. This medium was then stored 

at 4°C and replaced at least every six weeks.  

 Equipment and materials used for cell culture 3.6.2.

Table  3.2. Chemicals and equipment used in cell culture  

Chemical  Grade  Supplier  

Phosphate Buffered Saline (PBS)  Oxoid Ltd, (Dulbecco A, Basingstoke, 

Hampshire.UK 

Dimethyl sulphoxide (DMSO) 

C2H6OS 

78.13 g/mol (Fisher Scientific, UK) Lot 1214398 

Reassuring sodium salt 251.17 Mw (Lot No MKBN4870V, Sigma 

Aldrich® 

EDTA-trypsin   Sigma Aldrich®, USA) 

 Mitochondrial deep red tracker  543.50 Mw InvitrogenÊ by thermos fisher 

scientific  

 Cell Tracker Far red DDAO-SE 505.35 Mw Invitrogen Molecular probes 

Equipment 

Water bath  

Laminar flow hood  

Refrigerator, freezer (-20°C) and deep freezer (-80°C)  

Centrifuge machine  

plate reader 

Inverted phase contrast microscopes  

2, 20, 200 and 1000 ɛl pipettes and pipette tips 

75 cm
2
/25 cm

2
 culture flasks 

centrifuge tubes 

0.22 ɛm and 0.44 ɛm sterile filters  

Plate reader  

Petri dishes  

24 well plate, 6 well plate and 96 well plate  
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 Type of cell used  3.6.3.

 Human dermal fibroblast (HDF)  3.6.3.1.

Fibroblasts are the most abundant type of cell in connective tissues where they form the 

structural framework by secreting components of the extracellular matrix (ECM). Human 

dermal fibroblasts, obtained from abdominoplasty or breast reduction operations according to 

local ethically approved guidelines (Northern General Hospital Trust (NHS), Sheffield, U.K.) 

Research Tissue Bank license number 12179. It is a widely used cell type we chose to study 

these effects on human dermal fibroblast cells from primary cultures because the skin is the 

principal boundary against presentation to natural variables containing nanoparticles. In 

addition, to gain a fundamental understanding of the process involved, we felt that it was 

critical to concentrate at first on the impacts of nanoparticles on individual living cells, 

instead of on whole organs, where different elements can confound the understanding [93]. 

HDF cells have also been used previously in the study of onion carbon nanodots for live cell 

imaging and accelerated skin wound healing [94].  Moreover, previous study shows there was 

no toxic effect of using nanoparticles on human dermal fibroblast [95]. 

Cell were cultured in a humidified 37°C, 5% CO2/95% air(vol/vol) environment in 

Dulbeccoôs Modified Eagleôs Medium (DMEM; SigmaïAldrich) supplemented with 10% 

(vol/vol) FCS, 100 units/ml penicillin, 100g/ml streptomycin, and 0.625g/ml amphotericin B. 

Cells were passaged routinely by using 0.02% (wt/vol) EDTA and used for experimentation 

between passages 3 and 9 at 60% confluence. 

 NIH3T3 fibroblast:   3.6.3.2.

The 3T3 cells come from a cell line created in 1962 by George Todaro and Howard Green at 

the New York School of Medicine, Cell line 3T3 became the standard cell line for fibroblast. 

Todaro and Greene initially got 3T3 cells from the tissues of the Swiss white mouse embryos. 

The name of this line refers to the protocol by which the cell line was established. That is, the 

primary cells were cultured using the ó3-day transfer, inoculum 3×10
5
 cellsô method, which is 

shortened to 3T3. Within this method, primary cells were continuously cultured by 

transferred (T) every three days (3) at a stringent density of 3×10
5 

cells per 20 cm
2
 culture 

surface [96].   

In this study, NIH-3T3 mouse cells were used to study mammalian cellular events and 

cellular responses that occur when cells interact with carbon nanomaterials. NIH-3T3 cells 



56 
 

were selected because their adhesion properties (integrin expression, focal adhesion group 

and proliferation) were well studied [97]. It has also been used frequently in studies of 

cellular functions such as cell shape change, adhesion, movement, and proliferation and to 

demonstrate the key roles of cytoskeletal components in cell adhesion, division, and growth 

[98]. 

 Melanoma cancer cells  3.6.3.3.

Skin cancer is melanocytic cell carcinoma that exists as individual cells in the basal layer of 

the epidermis. It is a very aggressive skin cancer with a malignant tumor potential and is 

responsible for the majority of skin-related deaths. The 5-year survival of diffuse skin cancer 

is approximately 10%  [99]. Recent advances in cancer nanotechnology treatment was 

encouraged. Nano drugs can be killed tumor cells can serve as chemotherapy carriers directly 

and gene therapy. In addition, nanomaterials can be can target tumour cells passively or 

actively to improve treatment specificity, while reducing side effects. Many different types of 

nanoparticles have been studied previously in order to find treatment of skin cancer [100]. 

Melanoma C8161 was used as cancer cell line to study the effect of carbon nanoparticles 

when incubated with C8161 and their cellular uptake behaviour.  

 

The C8161 human melanoma line was kindly donated by F. Meyskens (University of 

California, Irvine, CA)[101]. It is from an abdominal wall metastasis from a woman with 

recurrent malignant melanoma. 

 Cell culture and passaging  3.6.4.

All equipment in the cell culture studies were initially sterilised inside the biological safety 

cabinet or laminar flow hood to offer aseptic conditions and to avoid any contaminations. All 

cells were cultured with T75 flasks to allow passage of the cells and observation of the cell 

morphology and density by means of inverted microscopy. When the cells reached 70% 

confluence they were split in a ratio according to the cell line specifications, and the media 

was changed every 3-4 days. Using the microscope, cells were observed and assessed when 

confluent passage could be performed. For this, cell media were removed from the T75 flask 

and washed three times with PBS (Phosphate-buffered saline), 1.5 ml of EDTA-trypsin 

(Sigma Aldrich®, USA) (Ethylene diamine tetra acetic acid/Trypsin 0.05%/0.02% EDTA 

w/v stored in -20°C) was then added to the flask, which was incubated for 5-10 minutes to 

detach cells and further incubated at 37°C for 5 to 15 minutes. When the cells had detached, 

https://www.thermofisher.com/ng/en/home/life-science/cell-culture/mammalian-cell-culture/reagents/balanced-salt-solutions/pbs-phosphate-buffered-saline.html
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10 ml of fresh medium was added to halt the trypsin-EDTA reaction. The suspension was 

transferred to a centrifuge tube and centrifuged at 1000 rpm for 5 minutes. After centrifuging, 

a cell pellet was obtained in a universal tube. The supernatant of this suspension was removed 

and the cell pellet was re-suspended in 10-13 ml of fresh media. Then, haemocytometers 

were used to count the cells. The corresponding volume of medium containing cells was 

added to a new T75 flask containing 15 ml of cell DMEM to freeze the cells for use in further 

experiments. Cold freezing media (usually 10% dimethyl sulphoxide, DMSO) - 90% FCS 

(Foetal calf serum, Sigma Aldrich®, UK) was used for this purpose. The cold media was 

added to cell pellets and quickly re-suspended by adding 1 ml freezing media per vial for 

freezing overnight at -80̄ C. 

 Cell counting  3.6.5.

A Neubauer haemocytometer (Weber Scientific International, UK) was used to count the 

cells. Four 1 mm
2
 squares [1×10

4
 ml volume] were counted and an average was calculated to 

acquire the total cell number using equation 3.1 below:    

 

      Ⱦ  Ⱦ

 ȟ  
 Eq. 3.1 

 

 AlamarBlue assay  3.6.6.

AlamarBlue is a resazurin-based colorimetric dye used to detect metabolic activity and 

thereby evaluate cell viability. It is a non-toxic substance suitable for use with the MTT cell 

viability assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide [102] (Fig. 

3.13). A colour change from dark blue to light pink indicates the onset of cell metabolism and 

the resulting fluorescence is read on a plate reader or using a fluorescence spectrophotometer. 

Alternatively, the absorbance of alamarBlue® reagent can be measured on a 

spectrophotometer. Finally, results were analysed by plotting fluorescence intensity (or 

absorbance). 
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Figure  3.13. The blue dye resazurin is reduced to the fluorescent pink reduced form by viable, 

metabolically active cells only. The intensity of absorbance is proportional to the number of 

metabolically active cells.  

 Preparation of alamarBlueÊ medium 3.6.7.

Resazurin sodium salt (Lot No MKBN4870V, Sigma Aldrich®, USA, Mw = 251.17 g/mol) 

was dissolved in distilled water to prepare the alamarBlue reagent. The solution was covered 

with silicon foil and stored at 4°C. 10% of alamarBlue was added to the final sample volume, 

with incubation varying from 1-4 hours at 37°C.  

 Cell Viability Assessment 3.6.8.

 Preparation of synthesised QDs preparation in a DMEM medium 3.6.8.1.

The carbon nanoparticles produced from glucose and alginate were mixed with glycerol and 

heated in the microwave for 5 min. then, 40 ml of DI water were added and centrifuged at 

4000 rpm. Finally, CNPs were dried in a freeze dryer at -20ºC. The obtained powder was 

used for cell experiments. In order to use the CNPs in the cells a dry powder of each sample 

was weighted. Then, the powder was suspended in PBS buffer and adjusted to contain 500 

mg/mL as a stock for experimental use. Samples were stored at 4ºC until further experiments. 

 Seeding of cells in the culture plates for toxicity evaluation 3.6.8.2.

All the cell types were cultured and grown in DMEM under a humidified atmosphere of (5% 

CO2 at 37°C). The DMEM was supplemented with 10% v/v FCS, 1% w/v glutamine, 1% w/v 

penicillin. When cells reach 75 % confluence, they were treated with trypsin and centrifuged 

at 1500 rpm for 5 min at room temperature. A cell count was performed for the three types of 

cells using a haemocytometer, and (1 × 10
4
) cells were plated into each well of a 96-well 

culture plate (Corning USA) 200 µL/well (replicates of 3). All cell cultures were used for 

toxicity assessment after 24 h growth 

 Cytotoxicity assays 3.6.8.3.

AlamarBlue was used to investigate the viability of the cells treated with the appropriate 

CNPs. After 24 h incubation, the growth medium was carefully removed and the cells were 

washed thoroughly with PBS three times. Then, 200 µL of different concentration of CNPs 

were added in replicates of three wells in a 96-well plate. The selected concentrations were as 

follows; 0, 10, 20 50, 100, 150 200, 250 and 300 µg/mL. Cells were incubated with the CNPs 

for one hour, at which point the wells were washed three times with PBS buffer fresh 

medium was added, and they were then incubated for 24 hours. After the incubation period, 
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20 µl of alamarBlue solution (10×) was added to the medium in each well and incubated for 

another 4 h. The live and metabolically active cells wil l convert resazurin to the 

fluorescent/absorbing molecule, resorufin, indicating the number of viable cells. The amount 

of absorbance is proportional to the number of living cells and corresponds to the cell 

metabolic activity. The absorbance was read using a 96 well-plate reader (Bio-Tek 

Instruments, UK) The absorbance at 570 nm was monitored using 600 nm as a reference 

wavelength. Cell viability data was obtained as the percentage of treated cells to untreated 

cells, using equation 3.2:  

Cell viability (%) = Abs (treated)/Abs (control) × 100 Eq. 3.2 

 Preparation of CNPs for toxicity assay 3.6.9.

Each dry powder CNPs (glucose and alginate) heated in a CEM microwave at 200 and 220ºC 

were weighted and suspended in PBS, and subsequently were filter-sterilized with a 

Whatman filter (consisting of a anodised aluminium membrane of 0.2 µm pore size). All cells 

lines were cultured in a 96-well plate and incubated for 24 h. After 24h each concentrations 

of CNPs were added to each cell and incubated for 1h. Finally, the CNPs were removed and 

fresh medium (DMEM) were added and were allowed to grow for 24, 48, and 72h. Figure 

3.13. 

Figure 3.13. Schematic representation the protocol used to assess the cell viability of Carbon 

nanoparticles.  

 Nanoparticles uptake 3.6.9.1.

Evaluation of the cellular uptake of carbon nanoparticles was determined by LSM confocal 

microscopy techniques. Human dermal fibroblast (HDF), Melanoma cancer cells (C8161) 
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and NIH 3T3 were seeded in 6-well plates with a density of 1×10
4
 per well. After incubation 

for 48 h, the cells were treated with different concentrations (10, 20, 50, 100, 150 and 200 

ɛg/mL CNPs). Each CNPs concentrations were incubated for 5, 10, 20, 30 and 60 min. After 

each time point, cells were washed three times in PBS to remove the medium and the free 

CNPs. Then, 500 µl of formalin (3.7% v/v in PBS) was applied and incubated for 20 min, 

after which the cells were washed twice more with PBS. Nuclei were labelled with DAPI 

(dilution of 1: 10000 in water) for 15 minutes at room temperature. Finally, the cells were 

imaged by confocal fluorescence microscopy  

 Confocal Imaging 3.6.9.2.

An upright confocal/multiphoton laser scanning microscopy system was used to visualise the 

cells uptake of CNPs (Zeiss LSM510 META, Carl Zeiss, Jena, Germany). Images were taken 

at 512×512 and 625×625 pixels with 40× objective (Achroplan 40×/0.75 N.A., Carl Zeiss Ltd, 

UK). 

 DAPI (4',6-diamidino-2-phenylindole) nucleus staining.  3.6.9.3.

DAPI is a staining fluorescence used to observe every cell within a sample and works as a 

control to differentiate between cells stained with carbon nanoparticles. Nuclei were labelled 

with DAPI (1: 10000 in water) for 45 minutes at room temperature and samples were 

observed under LSM confocal microscopy. DAPI was excited using a 760 nm laser (16% 

transmission) and emission detected between 435 and 485 nm. 

 Cell tracker Deep Red 3.6.9.4.

The cell tracker deep red is a fluorescent dye has been intended to go through cell membranes 

into a cell, where they are converted into non-labelled cell interaction products. It is stable, 

nontoxic at the working concentration, brightly fluorescent, well held in cells and can display 

fluorescence for 72 hours. The fluorescent dye is held in living cells through several 

generations. The dye is moved to daughter cells but neighbouring cells. The dye can be used 

for multiplexing with green and fluorescent dyes and protein. The fluorescent dye 

excitation/emission spectra (630/650 nm maxima). Cell tracker red should store in freezer 

Store in a freezer (-5 to -30°C) and protect from light [103]. 

 Preparing a working Deep Red solution 3.6.9.5.

Before opening the colour vial, the item was left to warm to room temperature. The 

lyophilised item was broken down in high quality DMSO to a final concentration of 10 mM. 

For Cell TrackerÊ Dark Red dye, 20 ɛL of DMSO was added per vial to make a 1 mM 

http://www.thesaurus.com/browse/neighboring


61 
 

(1000×) solution. The final solution was diluted to a concentration of 0.5 - 25 ɛM in serum- 

free medium. The CellTracker Ê working solution was finally heated to 37°C. 

 Deep tracker staining protocol  3.6.9.6.

Human dermal fibroblast (HDF) and Melanoma cancer cells (C8161) were cultured 

separately in T75 flasks at density of 10×10
3
.cells/well. After reach confluence, the cells were 

removed and trypsin added. After that, cells were centrifuged and aspirated. The supernatant 

cells were suspended in pre-warmed Cell Tracker (serum free).  

 Mitochondrial tracker Deep Red  3.6.9.7.

MitoTracker®Red CMXRos (Invitrogen, M22426) was added into the culture media at final 

concentrations of 50 nM. The cells were incubated under normal culture conditions for 30 

min and then visualised by LSM confocal microscopy [104].  

 Human fibroblast (HDF) and Melanoma (c8161) localisation studies  3.6.9.8.

Co-localization experiments were performed using carbon nanoparticles and Mito Tracker 

Deep Red. Human dermal fibroblast and melanoma cancer cells C8161 cells were grown at a 

density of 5 x 10
3
 cells/well into six well plates in complete medium for 24 h at 37°C. 

Thereafter, the cells were incubated with 150 µg of CNPs for different time (5 min, 10 min, 

20 min, 30 min and 1 h). Then, the cells were incubated 50 nM of MitoTracker®Red 

CMXRos (Invitrogen, M22426) for 30 min at 37°C. The cells were washed regularly three 

times with DMEM culture media and PBS (three times). The CNPs from glucose and sodium 

alginate were excited at 488 nm and the emission was collected in the FITC Channel (500 to 

550 nm) and the Lyso or Mito Tracker Deep Red or Hoechst was excited at 644 nm and 

emission was collected in the Alexa Fluor 647 Channel (> 650 nm).  

 Scratch assay  3.6.9.9.

Scratch assays were used according to the protocol described in [105], to examine the effect 

of CNP synthesis from glucose and alginate on the healing rate of fibroblast and melanoma 

cancer cells. For the in vitro scratch assay, melanoma C8161 and fibroblasts were seeded in 6 

well plates at a density of 1×10
4 
cells per well in the culture medium.  The cells were allowed 

to grow until a monolayer formed. To create the scratch, a sterile 200 ml pipette tip was used 

on each wall plate and then washed twice with PBS to remove the cell debris from the 

denuded path. Further, complete medium (positive control, untreated group) and 150 µg 
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CNPs, (treated group) was added to each plate, then incubated for 2 hours incubation time. 

Then cells were imaged using an optical microscope at 0, 2, 3, 4, 5, 19 and 24 hours. 

 Co-cultures of HDF and C8161  3.6.9.10.

Human dermal fibroblast and melanoma cancer (C8161) cells were grown in 75 cm
2
 cell T-

flasks with DMEM medium supplemented with 10% v/v FCS, 1% w/v glutamine, 1% w/v 

penicillin. All cells were incubated at 37°C, in a humidified atmosphere with 5% CO2. Upon 

attaining confluence, both cell types were harvested using 1.5 ml trypsin to obtain two single 

cell suspensions. Cells were counted using a haemocytometer. Subsequently, co-cultures 

were seeded at 1:1 C8161 to HDF ratios, onto 6-well plates, with a total number of 2×10
4
 

cells per well. Control cultures of HDF and C8161 cells were seeded using the same total 

number of cells per well in separate wells. CellTracker Red was used to label both cells so as 

to differentiate the cells in which CNPs were present. To determine the CNP-cellular uptake 

in co-culture, 100 ɛg/mL of CNPs were added and incubated for varying durations times (5, 

10, 20, 30 and 60 min). After each incubation period, the cells were washed with PBS three 

times to remove carbon dots. Then 500 µl of formalin (3.7 % v/v in PBS) was applied and 

incubated for 20 min after which the cells were washed twice more with PBS. Finally, co-

cultures were maintained in DMEM complete medium throughout all experiments. The 

evolution of co-cultures in terms of cellular uptake was analysed using LSM confocal 

microscopy.  

 Quantum yield calculations  3.6.10.

The quantum yield (ū) of CNPs was calculated using quinine sulphate as reference. Quinine 

sulphate (from the literature [106], ū = 0.54) was dissolved in 0.1 M H2SO4 (refractive index 

(ɖ) of 1.33) while the nanoparticles were added to water (ɖ = 1.33). Their fluorescence 

spectra were recorded at the same excitation of 340 nm. Then, by comparing the integrated 

photoluminescence intensities (excited at 340 nm) and the absorbance values (at 340 nm) of 

the sample with the references, the quantum yield was calculated using equation 3.3; 

ɮ9  ɮ
 

             Eq. 3.3 

Where ū is the quantum yield, Ὅrepresentsthe integrated photoluminescence intensity of the 

quinine sulphate. Is integrated photoluminescence intensity of the CNPs samples . ὃ  and A 

represents the absorbance at the excitation wavelength of 340 nm of the quinine sulfate and 

CNPs respectively.  
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 Chapter Four: Synthesis and Characterisation of Fluorescent Carbon 4.

Nanoparticles - Results 

 Introduction  4.1.

As nanotechnology continues to grow and mature, the need for new/or improved functional 

nanomaterials for a wide variety of applications remains at the forefront of worldwide 

research. As these materials and become more complex however, investigations into their 

characteristics and properties become more relevant. A particular focus of research effort in 

the last two decades has been the synthesis and purification of highly luminescent metal-

containing nanoparticles due to their superior physiochemical properties. Specifically, their 

size-dependent optoelectrical properties have led to their use in various fields such as bio-

imaging, sensing, solar cells and light-emitting diodes. The use of toxic metals such as 

cadmium, lead and tellurium have raised concerns about in vivo toxicity and harmful impacts 

on the environment, however. Lately, there has been a lot of interest in carbon nanoparticles 

because of their non-blinking fluorescent properties, biocompatibility and low toxicity. 

Moreover, the synthesis of carbon nanoparticles does not involve any toxic heavy metals. In 

addition, carbon nanoparticles have carboxylic acid functionalities at their surfaces which 

enhances their water solubility and their suitability for chemical functionalisation with a 

variety of inorganic, organic, polymeric or biological moieties.  

The synthesis of carbon nanoparticles was initially a serendipitous event during the 

electrophoretic purification of single-walled carbon nanotubes synthesised from arc-discharge 

soot [91]. The synthesis of fluorescent carbon nanoparticles using a bottom-up approach 

initially involved one-step dehydration of the carbohydrate using sulfuric acid. After 

oxidising the raw product with nitric acid for 12 hours, carbon nanoparticles rich with 

carboxylate groups were successfully synthesised. Importantly, the reaction does not involve 

any additional surface passivation steps [92]. The bottom-up approach has also been 

demonstrated to yield carbon nanoparticles through the heating of glycerol with a phosphate 

solution using a domestic microwave. The resulting nanoparticles exhibited excitation-

dependent emission properties [93]. 

Recent investigations on the synthesis and processing of carbon nanoparticles have diverted 

towards the use of a hydrothermal approach, however. This method involves the 

crystallisation of starting materials in an autoclave at high temperatures and pressures for 

several hours. For example, treating glucose with mono-potassium phosphate at 200°C in an 

autoclave produces carbon nanoparticles [94]. In a similar fashion, nitrogen-doped carbon 
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nanoparticles have been prepared through heating grass and water at 180°C in an autoclave 

[95]. To obtain smaller nanoparticles, raw solution was centrifuged at 12000 rpm to remove 

unreacted starting materials and larger nano- and micro-particles. Due to their smaller sizes, 

the resulting nanoparticles exhibited superior fluorescence properties with high quantum 

yields.  

Microplasma has also been exploited to speed up the rate of reactions and thus shorten the 

time needed to process carbon nanoparticles. For example, thermal activation involving 

electron and radical injection is often employed to accelerate the chemical reactions. Good 

quality carbon nanoparticles with reduced dimensions of 2.4 nm were produced in a shorter 

time by heating fructose and sodium hydroxide [96]. A supported approach has also been 

used to achieve complete control over the size, and size distributions, of synthesised carbon 

nanoparticles. In one such example, Bourlinos and co-workers have used NaY zeolite as a 

catalyst to provide large surface for producing tightly controlled carbon nanoparticles [97]. In 

this method, after ion exchanging zeolite with 2,4-diaminophenol dihydrochloride, the 

reaction mixture was thermally oxidised at 300°C to produce quasi-spherical carbon 

nanomaterials with dimensions of 4 - 6 nm. 

To increase the suitability of carbon nanoparticles for various bio-applications, multicoloured 

nanoparticles have been synthesised from an aqueous solution involving surfactant-modified 

silica spheres and phenol/formaldehyde resins used as carbon precursors [98]. During the 

reaction, silica spheres were used as carriers and provided anchors for the polymerisation of 

resols (phenol/formaldehyde). Interestingly, the resulting nanoparticles were not fluorescent, 

and fluorescence could only be achieved after passivating surfaces with polyethylene glycol 

1500 g/mol. The carbon nanoparticles produced demonstrated a broad peak, and quantum 

yields as high as 14.7 % were reported by the group. Indeed, much of the work reported on 

the synthesis of carbon nanoparticles involves passivation of surfaces to promote 

fluorescence. This is often done through the refluxing of raw materials with nitric acid for a 

period of time since this serves to introduce oxygen rich carboxyl groups on the surface [92]. 

This enhances fluorescence and provides opportunities for further surface modification. 

Poly(ethylene glycol) is often the preferred choice of surfactant because of its 

biocompatibility and enhanced water solubility [99]. A single-step surface functionalisation 

method is possible during thermal decomposition of precursors. For example, various 

(organic) functionalities can be added by choosing different ammonium citrate salts [97]. The 

citrate part acts as a carbon source while the ammonium component provides the anchor for 
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the covalent attachment of surface modifiers. Through the judicious choice of organic 

molecules, the solubility of the carbon nanoparticles can be altered to suit a given application.  

Since carbon nanoparticles are made up of the element carbon, however, it is important to 

consider carbon-rich sources as the starting materials. This chapter will focus on the 

straightforward single-step pyrolytic synthesis of fluorescent carbon nanoparticles from two 

different types of polysaccharides, namely glucose and sodium alginate, because these have a 

large number of reactive groups and display varied structural and chemical properties. They 

are also highly favourable for use as biomaterials due to their highly stable, non-toxic, safe, 

hydrophilic and biodegradable nature. For example, sodium alginate is carbon rich and is 

composed of hydrophilic groups like carboxyl and hydroxyl moieties, and therefore is a good 

candidate for the carbon nanoparticle synthesis. The preparation of nanoparticles will be 

performed in a microwave, which is not only fast but also more flexible and reliable. This 

will be followed by detailed structural and optical investigations using a variety of 

characterisation techniques. For example, UV/Vis and photoluminescence spectroscopies will 

be used to probe the absorption and emission properties of resulting materials and to 

determine their potential as an optical probe for the target application. Surface-sensitive X-

ray photoelectron spectroscopy will be used to study the surface chemistry and determine the 

types and the amounts of elements present at the nanoparticle surfaces. Raman 

and infrared spectroscopies will also be performed to complement the surface studies. The 

particle morphologies and sizes will be examined using transmission electron microscopy in 

conjunction with dynamic light scattering, and X-ray powder diffraction studies will be 

utilised to determine the crystallinity of deposited structures. 

This chapter describes the synthesis of highly fluorescent carbon nanoparticles using low-cost 

and widely available carbohydrates, glucose and sodium alginate. These are both approved 

food additives and can be used for biomedical applications due to minimum toxicity issues. 

Furthermore, their low melting points means that the reaction can be carried out easily at a 

low temperature. They have large number of reactive groups, varying chemical composition, 

a wide range of molecular weights and are diverse in structural and chemical properties. The 

use of a microwave for heating has the advantage of allowing for direct heating and control 

over the growth conditions, enabling reproducible batch-to-batch synthesis of carbon 

nanoparticles. It is worth mentioning that the type of microwave has important implications 

for the quality of the materials being generated. A typical domestic microwave reduces the 

chance of reproducible synthesis because the heating is non-uniform and because of how the 
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radiation reaches the sample. The cavity walls reflect much of the radiation entering the 

reaction vessel in a domestic microwave. In the monomode system used for the synthesis 

here, however, the heat is directed towards the sample at a fixed distance by means of a 

standing wave. During the synthesis, all the parameters such as irradiation time, power, 

reaction time were fixed except for the growth temperature. 

 Result and Discussion 4.2.

 Synthesis  4.2.1.

 One-step synthesis of highly fluorescent carbon nanoparticles was successfully performed in 

a CEM microwave. The bottom-up approach involves strong heating to facilitate the 

ñburningò or carbonisation process during the formation of the nanoparticles. As illustrated in 

Figure 4.1, the reaction involved heating the glucose and sodium alginate precursors in the 

presence of glycerol at 200 and 220°C, respectively, for 5 minutes. During the reaction, the 

colour of the mixture changed from transparent to brown and thence to dark brown with 

prolonged heating indicating the formation of carbonised material. A change in colour was 

taken as the benchmark for judging whether the reaction had taken place or not.  The 

prepared carbon nanoparticles were highly soluble in water . The dry powder of carbon 

nanoparticles were highly hygroscopic and long term storage in ambient atmosphere resulted 

in CQD powder that stuck to the inner walls of the vials. 

The mechanism for synthesis of carbon nanoparticles from glucose and sodium alginate 

involves carbonization of its constituents.  The dehydration and decomposition of glucose, 

gives rise to different soluble products such as furfural compounds (for 

ex: 5-hydroxymethyl furfural, furfural, 5-methyl furfural etc) and several organic acids such 

as acetic, lactic, propionic, levulinicacid, dihydroxyacetone and formic acid [72].  

Figure  4.1. Photographs of carbon nanoparticles (A) a transparent solution of glucose before the 

microwave reactions, (B) solution after microwave reaction, (C) dry powder of glucose carbon 

nanoparticles and (D) dry powder of alginate carbon nanoparticles. 
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 Quantum Yield  4.2.2.

The Quantum yield of the carbon nanoparticles was calculated in order to assess the carbon 

nanoparticles as tracking agents. The quantum yield (ū) of a fluorophore is an important 

factor and can be defined as the ratio between the number of photons emitted and the number 

of photons absorbed. The theoretical highest quantum yield of 1.0 (100%), where every 

photon absorbed is consequently emitted, is extremely difficult  to achieved. Nonetheless, 

there are some molecule fluorophores reach close to this such as fluorescein in ethanol has a 

quantum yield of 0.91 ± 0.05 (in 1 M NaOH) [107]. In addition, the quantum yield of carbon 

nanoparticles is highly depend on the synthesis method used the nature of the precursor and 

the passivation method employed. Researcher reported that, the quantum yield is generally 

low when the fabrication method used produces dots with carboxyl-functionalised surfaces 

but is improved with the addition of organic molecules [108-110]. 

Initially, quantum yield (ū) of the carbon nanoparticles from glucose and sodium alginate 

were calculated using quinine sulfate as reference (detailed in section 3.6.10).  The quantum 

yield for glucose at 200  and 220  were 0.0112 and 0.0113 respectively as see in table 

3.3. While in alginate calculated 0.0302 and 0.0306 respectively. The quantum yield 

increased when the temperature increased.  

Table  4.1. Quantum yield calculation results 

 

Sample Integrated 

emission  

intensity (I)  

 

Abs. at 340 

nm 

(A) 

 

Refractive 

index  

of solvent (ɖ)  

 

Quantum 

Yield  

(ū)  

 

Quinine sulphate 40893.5  

 

0.03835 1.33  

 

0.54 (known)  

 

Alginate CNPs-

200°C 

149490 0.187154 

 

1.33 0.0302 

Alginate CNPs-

220°C 

142010 0.194347 

 

1.33 0.0306 

Glucose CNPs -

200°C 

386450 0.19599 

 

1.33 0.0112 

Glucose CNPs -

220°C 

319470 0.233709 

 

1.33 0.0113 

https://www.thesaurus.com/browse/nonetheless
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 Ultraviolet -Visible absorbance spectroscopy (ɚ ab) 4.2.3.

Produced carbon nanoparticles were easily dispersed in water and exhibited good 

transparency without any ultra-sonication. This allows recording UV-Vis spectrum for the 

samples at wavelengths between 200 ï 800 nm. The spectra clearly indicate that the 

nanoparticles exhibit a strong blue absorption in the UV region and a weaker absorption in 

the visible region, although their absorption frequencies were different depending on the 

choice of carbon source, i.e. glucose or sodium alginate.  

For the glucose-based nanoparticles (Figure 4.2 A and B), the major absorption peak found at 

283 nm was typical of an aromatic ˊ-system as it relates to the nḯ * and ˊḯ * transitions of 

the C=O band and conjugated C=C band, respectively, within the structure of carbon 

nanoparticles. This further indicates that a complete conversion of glucose to carbon 

nanoparticles had taken place. A similar observation has been previously noted for other 

polycyclic aromatic hydrocarbons [100, 101]. When the growth temperature was increased 

from 200 to 220°C (from 4.2A to B), a marginal but important increase in the absorption 

intensity was evident. Replacing glucose with sodium alginate, however, led to a reduced 

absorption intensity peak, which is also red shifted. The difference in the absorption intensity 

could be an indication of similar structural properties with slight variation in the number of 

functional groups (Figure 4.2C). At 220°C, the alginate nanoparticles did not show any 

absorption in the UV-Vis range, possibly because of the lack of a conjugated system within 

the alginate structure (Figure 4.2D). The weak absorption peak found at 200 nm for alginate 

was related to the nŸˊ* transition of the C=O band and is in line with previous studies [94]. 

It can be deduced from these absorbance spectra that there were structural differences in the 

produced nanoparticles. 
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Figure  4.2. Typical UVïvisible absorption spectra of CNPs. (A) absorption spectra of CNPs 

produced from glucose heated at 200°C, (B) absorption spectra of CNPs produced from glucose 

heated at (220°C), (C) absorption spectra of CNPs produced from alginate heated at (200°C). and (D) 

absorption spectra of CNPs produced from alginate heated at (220°C). 

 

 Raman spectroscopy analysis. 4.2.4.

To determine the structure and bonding types of the prepared nanoparticles, Raman studies 

were carried out at room temperature using a spectrometer equipped with a 532 nm laser. The 

resulting spectra were dominated by high intensity D- and G-bands. For alginate-based 

nanoparticles, D-bands were located at 1370 cm
-1 

for both set of samples. This D-band 

corresponds to vibrations of disordered carbon atoms with dangling bonds and is located at 

the edge of graphene sheets within the structure [10, 11]. The D-band further includes the 

disordered aromatic structure in the sp
2
 carbon structure. The D-band peak position for the 

glucose samples changed from 1350 cm
-1

 (at 200
°
C) to 1320 cm

-1
 (at 220

°
C), which was 

possibly affected by the strong fluorescence from the resulting carbon nanoparticles. The G-

band originates from the vibration of sp
2
-bonded carbon atoms arranged in a 2D hexagonal 

lattice of a graphite cluster or graphene sheet. The G-band peak positions for sodium alginate 
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and glucose-containing nanoparticles altered from 1560 to 1550 cm
-1 

and 1580 to 1570 cm
-1

, 

respectively. These different G-band values correspond to different sizes of nanoparticles 

and/or the existence of different oxygen species at the surface. For glucose samples, there 

was an additional broad peak at 2750 cm
-1 

and this was a characteristic of
 
the 2D band in 

graphitic forms of carbon. Apart from these D- and G-bands for the glucose-based samples, 

the spectral region of 820ï980 cm
-1

 which is
 
often referred to as an anomeric region, was 

used to distinguish between Ŭ-glucose and ɓ-glucose. This anomeric region corresponds to 

various vibrations such as v(C-O), ŭ(C-C-H), v(C-C) and ŭ(C-C-O) modes. Although these 

peaks were quite dominant in the pure glucose spectrum, after the heating, they were encased 

together, and no prominent peak is observed. The small peaks found at 600 cm
-1

 imply that 

carbon nanoparticles have carbon linear chains. The decomposition products of glucose 

during microwaving are 5-(hydroxymethyl) furfural and 3-deoxyglucosone [72][102]. 5-

(hydroxymethyl) furfural consequently polymerise into a carbon network which gives rise to 

the carbon nanoparticle formation. In this work, however, no evidence was found of these 

two molecules within the collected nanoparticles, possibly due to overlapping of peaks at low 

wavelengths. Additionally, these water-soluble particles are preferentially eliminated during 

the washing step. 

 

Figure  4.3. Raman spectra of (A) raw sodium alginate, (B) CNPs from sodium alginate heated at 

200°C, (c) CNPs from sodium alginate heated at 220°C, (D) Raman spectra of raw Glucose, (E) CNPs 

from glucose heated at 200°C and (F) Carbon NPs from glucose heated at 220°C.  
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Table  4.2. The CNP peaks in Raman spectrometer  

Carbon Nanoparticles  D band (cm
-1
) G band (cm

-1
) 

CNPs-Glucose -200°C  1350 1580 

CNPs-Glucose-220°C 1320 1570 

CNPs-sodium Alginate -200°C 1370 1560 

CNPs sodium Alginate- 220°C 1370 1550 

 

 Fluorescence Spectroscopy of CNPs 4.2.5.

Considering the size of these nanoparticles (< 200 nm, discussed below), it is unlikely that 

their fluorescence would be dominated by quantum confinement effects. Such quantum 

confinement effects are generally observed when the size of the particle is too small to be 

comparable to the wavelength of the electron [103]. If the size of the quantum dots is larger 

than this then confinement would not occur, and this leads to a transition from continuous to 

discrete energy levels. The origin of fluorescence in the nanoparticles is most likely to be a 

result of emissive traps on the surfaces, due to the large particle sizes. In the trap states, the 

charge carriers can be trapped anywhere within the system, i.e. either in the bulk or on the 

surface, and do not take part in the transportation of charges. The presence of surface energy 

traps is a result of surface defects during passivation steps. The effects of surface defects on 

the fluorescence of carbon nanoparticles of similar sizes has been recently studied and it was 

concluded that fluorescence emitted at 520 nm was a result of surface defects caused by the 

oxygen rich terminals [103]. Meanwhile, emissions below 450 nm were caused by the 

quantum size effects because of small particle sizes.  

It is clear from the spectra in Figure 4.4 that the emission wavelengths rely on the excitation 

wavelength, so excitation-dependent fluorescence emissions for the nanoparticles were 

noticed after the samples were excited with increments of 10 nm in the wavelengths and 

using water as a solvent. For the glucose samples, increasing excitation energies from 300 to 

440 nm led to a red shift of the fluorescence peaks coupled with a significant decrease in 

intensity. For example, at 200°C, there was an intense fluorescence peak at 497 nm in the 

case of the glucose sample once that sample was excited at 400 nm. The most intense peak 

https://www.researchgate.net/deref/http%3A%2F%2Felectron.To
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for the glucose sample prepared at 220°C, however, was found out to be at 444 nm after 

exciting at 370 nm. A similar observation was also noted by Tang et al., who described the 

synthesis of graphene nanoparticles from glucose. These authors reported excitation-

dependent emission between excitation energies of 300 ï 380 nm for nanoparticle surfaces 

enriched with carboxyl groups. However, the emission wavelength was independent of 

particle size instead, depend on the surface passivation [104]. For alginate-containing 

samples, maximum fluorescence was found to be at 510 nm (at 200°C) and 491 nm (at 20°C) 

after exciting at 410 and 390 nm, respectively. These excitation-dependent emissions of 

carbon nanoparticles clearly point towards the multiple surface states of different functional 

groups. 

Figure  4.4. Fluorescence emission spectra of synthesised CNPs from (A, B) alginate at 200°C and 

220°C and (C, D) glucose at 200°C and 220°C, respectively. The samples existed at different 

wavelengths from 200 nm to 450 nm.  

The maximum emission intensity (counts per second), excitation and emission wavelength at 

theses maxima were deduced from the data shown in Figure 4.4 and presented in Table 4.2. 
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Table  4.3. Summary of the results derived from fluorescence spectra in Figure 4.4 

 Glucose CNPs 

at 200°C  

Glucose CNPs 

at 220°C 

Alginate CNPs 

at 200°C  

Alginate CNPs 

at 220°C  

Maximum Emission 

Intensity (CPS) 

1772100 5541300 1573850 15846000 

Emission Wavelength of 

Maximum Intensity (nm 

500 445 509 510 

Excitation Wavelength of 

Maximum Intensity (nm) 

400 370 410 420 

 

 Fourier-transform infrared spectroscopy 4.2.6.

The Fourier-transform infrared (FT-IR) spectra shown in Figure 4.5 were used to identify the 

functional groups present on the surfaces of nanoparticles. Clearly, there are similarities but 

also significant differences in FT-IR for the CNPs produced by two different base materials. 

The sharp bands located around 2900 and 1600 cm
-1

 supported the aromatic C=C stretching 

of nanoparticles. The presence of peaks at ~3300 cm
-1 

(O-H vibrational stretch), ~1700 cm
-1 

(C=O vibrational stretch) and ~1040 cm
-1 

(C-OH vibrational stretch) implied the presence of 

a large number of hydroxyl and carboxylate groups on the surfaces. The strong peak at ~3300 

cm
-1 

was due to the loss of water or hydroxyl groups after the carbonisation.  

For Alginate based CNPs specifically, the prominent peak at around 1400-1600 cm
-1

 which 

originate due to asymmetric carboxylate O-C-O stretching. This corresponded to the presence 

of aldehyde or ketone groups in the final collected carbon nanoparticles. It further suggested 

that oxidation had occurred on the surface during the pyrolytic carbonisation process. A 

minor peak at ~2360 cm
-1 

due to the acetal groups indicates that the long polysaccharide 

chains were broken during the reaction and gave rise to CH3 and CH2 groups. This is 

confirmed by a stretching at 2900 cm
-1 

which indicated the existence of CH3 groups. The 

presence of OH and CHO groups on the surfaces improved the stability and hydrophilic 

behaviour of nanoparticles and could be selectively modified with different functional groups 

for any given application. 
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Figure  4.5. FT-IR spectra of the synthesized (A, B) sodium alginate CNPs heated in the microwave at 

200°C and 220°C respectively. (C, D) Glucose CNPs heated in the microwave at 200°C and 220°C, 

respectively.  

 X-ray photoelectron spectroscopy (XPS) 4.2.7.

As the samples were in the powder form they were mounted by compacting them onto 

indium foil and was then used for all analyses. The analyses were carried out using a Kratos 

Supra instrument with a monochromated aluminium source, and two analysis points per 

sample, each of area 700 µm by 300 µm. Survey scans were collected between 1200 to 0 eV 

binding energy, at 160 eV pass energy, 1 eV intervals, and 300 seconds/sweep. High-

resolution O 1s, N 1s, C 1s, P 2p, S 2p and Si 2p XPS spectra were also collected at 20 eV 

pass energy and 0.1 eV intervals for each analysis point over an appropriate energy range, 

with one 300 second sweep for O 1s, C 1s and Si 2p and two 300 second sweeps for N 1s, S 

2p and P 2p. (A longer collection time was used for these elements due to their smaller 

relative sensitivity factors). Collected data were calibrated for intensity using a transmission 

function characteristic of the instrument (determined using software from NPL) to make the 

values instrument independent. The data were then quantified using theoretical Schofield 

relative sensitivity factors. All high resolution spectra have been calibrated during analysis to 

force the C-C/C-H C 1s peak to be 285.0 eV. 
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 XPS of CNPs derived from Alginate-based synthesis at 200°C and 220°C 4.2.7.1.

X-ray photoelectron spectroscopy (XPS) was successfully used to conduct compositional 

analysis and to investigate the content of surface features of fluorescent carbon nanoparticles. 

Survey scans of carbon nanoparticles prepared from alginate at 200°C and 220°C are given in 

Figures 4.6A and 4.7A, respectively. It is apparent that the samples predominantly consisted 

of carbon (binding energy C 1s = 281 eV) and oxygen (binding energy O 1s = 528 eV).  

No nitrogen peak was presented for any of the samples, although the high resolution scans 

were collected to confirm its concentration was lower than the limit of detection, 

approximately 0.1 at%. For the phosphorus, sulphur and silicon - these were not all detected 

for every sample, so a curve-fit has only been provided where a peak was seen. From the 

curve fitting, chemical composition of each sample was computed.  

For the sample prepared at 200°C, the percentages of carbon and oxygen found were 74.43% 

and 22.27%, respectively. When the temperature was increased to 220°C, the amount of 

carbon (74.72%) and oxygen (22.71%) were marginally increased. Other elements such as 

sodium (Na 1s), calcium (Ca 2p), chlorine (Cl 2p), phosphorus (P 2p) and silicon (Si 2p) 

were also present as traces. In Figures (4.6B and 4.7B), high-resolution spectra of C 1s can be 

fitted to five peaks. For O 1s, there are four chemical bonds (Figure 4.6C and 4.7C). Broad O 

1s peaks at 530.4 and 532.5 eV coupled with C 1s peaks at 285.08, 286.78 and 288.18 eV 

point towards the carboxylate groups. Other O 1s with binding energies of 533.08 eV, 

531.78eV and 536.38 eV were a result of carbonyl and hydroxyl groups at the nanoparticle 

surfaces. No N 1s peak was found in the high-resolution spectra, which implies the absence 

of any nitrogen containing groups.  
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Figure  4.6. (A) XPS survey scan from Alginate-based synthesis at 200°C, (b) High-resolution XPS 

spectrum of the C 1s scan from Alginate-based synthesis at 200°C, (C) High-resolution XPS spectrum 

of the O 1s scan, (D) High-resolution XPS spectrum of the N 1s scan 

 

Figure  4.7. (A) XPS survey scan from Alginate-based synthesis at 220°C, (b) High-resolution XPS 

spectrum of the C 1s scan from Alginate-based synthesis at 220°C, (C) High-resolution XPS spectrum 

of the O 1s scan, (D) High-resolution XPS spectrum of the N 1s scan. 
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 XPS of CNPs derived from Glucose-based synthesis at 200°C and 220  4.2.7.2.

Figures 4.8 and 4.9 are the XPS scans of glucose-based carbon nanoparticles synthesised at 

different temperatures. The spectra are again dominated by expected peaks for the carbon at 

~281 eV and oxygen at ~529 eV. The percentage of carbon in the samples was similar to that 

calculated for the alginate samples. The absence of Ca 2p and P 2p impurities in both sets of 

data resulted in purer samples than the alginate ones. In the high-resolution spectra of the C 

1s peaks, there were five chemical bonds: C=C at 284.1 eV, C-C and C-H at 285.5 eV, C-

OH/C-O-C at 285.7 eV, C=O at 288 eV and ïCOOH at 289.3 eV. Unlike the high-resolution 

spectra of O 1s for the alginate samples, only two different chemical environments were 

observed for glucose samples, i.e. C=O at 533.04 eV and C-OH/C-O-C at 534.54 eV. The 

atomic percentage of oxygen species in glucose was higher (approaching 25%) than in the 

alginate samples, which improved dispersity of material in water. 

 

Figure  4.8. (A) XPS survey scan from Glucose-based synthesis at 200°C, (b) High-resolution XPS 

spectrum of the C 1s scan from Glucose-based synthesis at 200°C, (C) High-resolution XPS spectrum 

of the O 1s scan, (D) High-resolution XPS spectrum of the N 1s scan. 
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Figure  4.9. (A) XPS survey scan from Glucose-based synthesis at 220°C, (b) High-resolution XPS 

spectrum of C 1s scan from Glucose-based synthesis at 220 °C, (C) High-resolution XPS spectrum of 

O 1s scan, (D) High-resolution XPS spectrum of N 1s scan 

Summary of overall XPS results are presented in Table 4.3. When considering only carbon 

and oxygen, the results indicate that the ratio between carbon to oxygen is approximately 4.4 

for Alginate based CNPs and approximately 4 for Glucose CNPs. When the heating 

temperature increased by 20°C, the oxygen concentration is slightly increased which is 

expected. According to deconvoluted C 1s and O 1s peaks, there are four different chemical 

environments on Alginate CNPs while only two different chemical environments on Glucose 

CNPs. It is evident that carbonyl and hydroxyl groups are present for Alginate based CNPs 

while carbonyl and ether/hydroxyl groups are present for glucose based CNPs. These results 

along with the results of FT-IR spectra, it can be said that the carboxylic acids and 

ketone/aldehyde groups are present on Alginate CNPs while carboxylic acids are present on 

Glucose CNPs. 

Table  4.3. Summary of elemental analysis of all the samples produced during this work.  

Elements  CNPs -ALG  CNPs -Glucose 

Binding  

energy  

200°C  

(At %)  

220°C  

(At %)  

Binding  

energy  

200°C  

(At %)  

220°C  

(At %)  

Na 1s 1067 1.65 1.40 1068 0.07 - 
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O1s 528 22.27 22.71 529 24.61 24.92 

Ca2p  343 0.64 0.64 - - - 

C1s 281 74.43 74.72 281 75.09 74.75 

Cl2p 195 0.27 0.19 194 0.03 - 

P2p 129 0.21 0 - - - 

Si2p  99 0.53 0.27 98 0.20 0.33 

 

 Transmission electron microscopy (TEM)  4.2.8.

The shape and size of carbon nanoparticles from glucose were studied by transmission 

electron microscopy (TEM) (Figures 4.10 and 4.11). For TEM analysis, samples dispersed in 

a solvent were deposited on a copper-coated grid before drying in air. The resulting 

nanoparticles were highly homogenous with a slightly oval shape caused by the interaction 

between neighbouring particles. The particles were highly agglomerated and formed linear 

carbon nanoparticle chains because of the high surface tension of the solvent. It proved 

difficult to isolate single carbon nanoparticles. For the samples at 200°C and, to a lesser 

degree, at 220°C, different contrasted small spherical particles were also found, which were 

likely to be due to unreacted or unsuccessful removal of the starting precursor after the 

dialysis. The average particle size calculated at 200°C was estimated to be 133.4 ± 22.8 nm, 

but this increased to 174.15 ± 30.8 nm after heating to 220°C. The absence of any lattice 

planes in the high-resolution images confirmed the amorphous structure of the nanoparticles 

(Figure 4.12A).  
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Figure  4.10.  TEM images of carbon nanoparticles from glucose at 200°C (A) shows high resolution 

images from different particles and (B) shows the histogram of different particle sizes 

 

Figure  4.11. TEM images from glucose CNPs heated in the microwave at 220°C 

In the bulk energy dispersive X-ray analysis, chemical analysis of materials was performed. 

Since EDX cannot detect light elements such as hydrogen, carbon and oxygen are the 

dominant peaks in the spectrum (Figure 4.12B). The result showed that the carbon 

nanoparticles were hydrocarbon products. Various impurities such as sodium, potassium or 

calcium were also detected, which was in-line with the above XPS results. A strong copper 

signal originates from the copper TEM grid. Suitable images could not be obtained for the 

sodium alginate samples, possibly due to the presence of excess carbon at the surface which 

resulted in the sample being charged under the working conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.12. (A) A scanning transmission electron microscope (STEM) images for alginate CNPs at 

200 . (B) Energy Dispersive X-Ray Spectroscopy (EDX) spectrum analysis for alginate CNPs.  
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 X-ray Powder Diffraction (XRD)  4.2.9.

X-ray powder diffraction measurements of the resulting carbon nanoparticles were carried 

out in order to determine their crystallinity of the materials. Figure 4.13shows the XRD 

pattern obtained. It is clear that there are no distinguishable diffraction patterns which 

confirms the amorphous nature of the deposited materials. This is further consolidated by the 

lack of lattice signals in the high-resolution TEM images, as seen above (Figure 4.12A).  

Figure  4.13. XRD patterns of synthesized CNPs (A) Glucose CNPs heated at 200°C (B) glucose 

CNPs heated at 220°C (C) alginate CNPs heated at 200°C. 

 

 Dynamic light scattering (DLS)  4.2.10.

DLS measurements were found to give many diameters larger than expected for carbon dots 

and must be used in combination with others imaging techniques to measure the true, rather 

than hydrodynamic, diameter of the nanoparticles. The particle sizes and size distributions of 

the samples were estimated using dynamic light scattering (DLS) measurements. A typical 

result of dynamic light scattering measurements is shown in Figure 4.14. The correlation 

function shown in Figure 4.14A gives important information;  

(1) the quality of data ï if the intercept (backward extrapolation of correlation function to 

Y axis) is larger than 0.1, the quality of the data is good.  

(2) The rate of correlation decay gives the idea of the particle size and number of particle 

distributions within a system. 

Extended time to starting the decay clearly indicates the particle sizes are large. Two decay 

rates are visible in the graph, one is correlated with small particle distribution at around 50 

nm, but the more significant distributions seem to have overlapped decay rates. 

 Dynamic light scattering result for glucose CNPs at 200 and 220 4.2.10.1.

Glucose CNPs treated at 200 , resulted in two different well-defined narrow size 

distributions, each one presenting 50% of the number of total particles. On the other hand, at 

higher temperature, a single but very wide particle size distribution was resulted. 
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Figure  4.14. Dynamic light scattering (DLS) measurement of Glucose CNPs heated for 5 minutes at 

200°C (a) correlation function and (b) the size distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.15. Dynamic light scattering (DLS) measurement of Glucose CNPs heated for 5  

minutes at 220°C (A) correlation function and (B) the size distribution 
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 Dynamic light scattering result for Alginate CNPs at 200 and 200. 4.2.11.

Alginate CNPs also produced a multimodal particle size distribution at 200  and increasing 

the treatment temperature to 220 , one particle size distribution with majority of the 

particles and alongside with small number of particles (<10%) separating as another 

distribution. In addition, it has been suggested that alginate could be present on the surface of 

nanoparticles and this interaction could agglomerate the nanoparticles to produce larger 

nanoparticle agglomerates. [111] 

 

Figure  4.16. Dynamic light scattering (DLs) measurement of alginate CNPs heated for 5 minutes at 

200°C (a) the correlation function and (b) the size distribution. 
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Figure  4.17. Dynamic light scattering (DLs) measurement of alginate CNPs heated for 5 minutes at 

220°C. (a) correlation function and (b) the size distribution. 

Comparison of the average size of nanoparticles synthesised at 200°C, reveals that the 

average diameter (247 nm) for the glucose samples is much larger than that of the alginate 

samples (145 nm). On the other hand, the polydispersity index (PDI) for nanoparticles 

prepared from glucose was low (0.19) relative to its alginate counterpart (0.21). In general, a 

narrow PDI is desired since this is indicative of a narrow size distribution, and thus more 

uniform nanoparticles. The data clearly implies that the choice of solvent had a profound 

impact on the size and distribution of the resulting nanoparticles. It is important to point out 

that the broad size distribution and larger particle size during the DLS measurements mask 

small carbon nanoparticles in the size distribution which is associated with inherent 

properties of the technique. An increase in the growth temperature to 220°C resulted in large 

particle sizes due to the Ostwald ripening process. The particle sizes were increased to 386 

nm (PDI = 0.27) and 289 nm (PDI = 0.28) for glucose- and alginate-based samples, 

respectively.  
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 Summary  4.3.

In this chapter, highly fluorescent carbon nanoparticles were successfully synthesised in a 

single-step using microwave radiation, allowing control over the growth parameters due to 

uniform heating. For the synthesis, commonly found low-cost polysaccharide precursors, 

glucose and sodium alginate, were heated at growth temperatures of 200 and 220°C. For the 

glucose-based samples, a strong absorption peak was observed in the UV region and their 

wavelengths remained unchanged. Switching to a sodium alginate solvent, a broad peak 

shifted to higher wavelength once the sample was heated to 200°C, presumably due to the 

different chemical composition. Interestingly, increasing the processing temperature to 220°C 

did not yield any absorption peak. The fluorescence properties of carbon nanoparticles were 

found to be dependent on the excitation energies and their dominant peaks were located at 

different positions. Commonly, the peak positions red shifted with reduced intensity as the 

excitation energy value increased. For the Raman measurements, dominant peaks were found 

to be typical of D- and G-bands. The IR studies supported the presence of hydroxyl and 

carboxylate groups at the nanoparticle surfaces. The XPS findings revealed multiple species 

of oxygen and carbon. Moreover, the measurements also supported the formation of purer 

samples from glucose. 

The TEM analysis showed the presence of non-spherical, highly aggregated particles, with 

decreased particle sizes at higher temperatures. The XRD measurements confirmed the 

amorphous nature of the as-prepared carbon nanoparticles. This was also confirmed by the 

absence of lattice planes in the HR-TEM image of nanoparticles. For a set temperature, the 

average particle size for glucose was much larger than for the alginate samples and 

demonstrated a narrower size distribution. These findings suggest potential for the 

development of a facile and cost-effective strategy for the preparation of highly fluorescent 

carbon nanoparticles and provide a useful avenue for sensing and biomedical applications.  
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 Chapter Five: Toxicity Assessment of Carbon Nanoparticles. 5.

 Introduction  5.1.

Engineered nanoparticlesô (NPs) unique optoelectronic properties have found applications in 

various fields including bio-imaging, sensing, solar cells, and light emitting diodes, driving 

worldwide interest. As the consumption of NPs increases, human exposure to various types 

of nanomaterials will inevitably increase as well. Nanomaterials may harm the environment 

and toxicologically effect animals including humans. Different types of NPs are expected to 

behave differently once inside a biological system; it is imperative to know what exactly is 

being tested under exposing cells. Therefore, NPs must be properly characterised in 

toxicological research. Moreover, it is vital to understand the interactions between NPs with 

biological entities such as DNA, proteins, membranes, tissues, and organs which will 

establish communications between NPs and biological systems.  

To use the full spectrum of nanobiotechnology and nanomedicine, researchers must 

understand nanomaterial physicochemical properties in-depth, which will guide them to 

control nanoïbio interfacial interactions (communication of nanomaterials with the biological 

world). Designing nanomaterials with distinctive properties will help overcome their 

potential hazards so that they can be used for safe therapeutic applications. The most 

commonly used semiconductor quantum dots with outstanding photoluminescent properties 

contain cadmium, lead, and tellurium, components which have raised concerns about in vivo 

toxicity and harmful environmental impact [112]. Photobleaching of organic dyes and 

cytotoxicity associated with semiconductor quantum dots have limited their use for cellular or 

sub-cellular labelling of cells. Researchers are cautious regarding biological and medical 

applications of quantum dots. It is worth noting that the quality of photoemission is dictated 

by the choice of solvent, any defect states and the presence of functional group at the surface 

of NPs [113]. 

The carbon NPs-based system serves as a good alternative to nuclear staining due to non-

photobleaching, multi-photon emission, and good cellular distribution [114]. The synthesis of 

carbon NPs involves the use of low-cost precursors which do not contain toxic heavy metals 

The surface of carbon NPs often contain carboxylic acid functionalities which help to 

increase their water solubility character and can be further substituted with other coordinating 

ligands having a variety of inorganic, organic, polymeric or biological moieties. Their well-

defined morphology, nanoscale dimensions, ability for chemical functionalisation and a 

variety of inexpensive precursors and synthesis routes provide a favourable platform from 
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which carbon NPs can be tuned between ultraviolet and infrared regions. For example, by 

altering the amount of nitrogen during the solvothermal synthesis, carbon NPs exhibiting 

blue, green, and red colours can be produced. Additionally, by modifying reaction parameters 

during the synthesis, a continuous red shift due to quantum confinement has been noted 

[114]. Using water as a reaction medium, carbon NPs with full -colour emission are produced 

which demonstrates their potential for bio imaging, both in vitro and in vivo [115]. 

As mentioned earlier, the synthesis and processing of carbon NPs is straightforward and does 

not involve expensive precursors. Carbon NPs can be produced from polysaccharides such as 

sodium alginate, glucose or sucrose via a number of readily available synthetic processes. 

Indeed oxidation and reduction of glucose, sucrose and alginate affects the 

photoluminescence properties due to different structures of saccharides involved [116]. As 

expected, the shape, size and particle distribution depend on the growth parameters, solution 

concentration and growth temperature [116]. It is expected that the key to creating 

successfully fluorescent carbon NPs which can be translocated within cells depends on 

number of factors, including passivating ligand, diameter, and carbon source. 

The chapter aims is to assess and determine the cell metabolic activity and toxicity effects (if 

any) of carbon NPs on human cells. The fate of carbon NPs generally depends on multiple 

factors such as local anatomy, physiology of the exposure route, surface and physical 

properties of NPs [117]. These factors may affect their potential toxicity both in vitro and in 

vivo. It is expected that the NPs, by virtue of their attachment to a variety of molecules, are 

capable of exerting (cyto)toxic effects. This makes the surface chemistry of NPs of immense 

importance in determining the toxicity. Several surface-related factors including crystallinity, 

surface charge, surface adsorption of other molecules like protein have been linked to the 

toxicity of NPs [118].  

From the physical properties of NPs, two  parameters are critical in assessing their behaviour 

[119]. 1) Due to their small size, the NP can get access to parts of the cells inaccessible to 

larger particles; 2) The  ratio of the length and width of the nanomaterial (aspect ratio) has 

been found to be important in determining cytotoxicity. High aspect ratio nanomaterials like 

carbon nanotubes, can induce cytotoxic effects and induce inflammatory responses, as has 

been reported in the literature, in a similar way to silicosis, in human lungs [120]. NPs also 

form stable colloidal suspensions in liquids and biological cell culture mediums which are 

related to their surface characteristics. Depending on variations in their local environment 

such as concentration, dispersion medium, sonication, or presence of protein, NPs can either 
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exist in a monodispersed or agglomerated form [121]. Interestingly, the agglomeration phase 

of the NP had been found to influence cellular interactions and toxicity [120, 121]. 

 Statistical analysis  5.2.

The data is expressed as the means ± SD. Significant differences among multiple groups were 

determined using a two-way analysis of variance (ANOVA) followed by Tukeyôs post-hoc 

tests. Probabilities of P < 0.05 were considered statistically significant. All these tests were 

conducted using GraphPad Prism 4 (GraphPad Software, USA). In the cell scratch, the data 

mean standard error of the mean values were used to study the significance between the 

control and human dermal fibroblasts (HDF) and C8161 incubated with carbon nanoparticles 

followed by Tukeyôs multiple comparisons test óP < 0.05 were also considered.  

 Results and Discussion.  5.3.

 Toxicity study of Alginate CNPs in Human Dermal Fibroblast cells. 5.3.1.

The study examined the toxicity of CNPs from both alginate and glucose CNPs at 200°C and 

220°C in Human Dermal Fibroblast cells.  

Figure 5.1 shows the effect of using alginate CNPs heated at 200 and 220°C in the live cells. 

Absorbance values were measured as function of added CNP concentration after 24, 48 and 

72hrs of incubation. The data used to deduce the relative cell viability as a function of CNP 

concentration and over a period of three days.  

For CNPs at 200°C, the absorbance values stay approximately constant regardless the added 

CNP concentration for the samples incubated for 24 hrs and 72 hrs. The samples incubated 

for 48hrs show higher absorbance values compared to other two sets of samples and 

decreasing absorbance when increasing the CNP concentration. Considering the relatively 

cell viability, only samples with 10 µg/ml added CNPs seems to have slightly lower values. 

For CNPs at 220°C, the samples incubated for 24 hrs, show absorbance of 0.5 while samples 

incubated for 48hrs and 72hrs, start at absorbance of 1 and decrease with increasing 

concentration of added CNPs. The relative cell viability decreases with increasing the added 

CNP concentration. After 72hrs incubation, the samples with 200 and 250 µg/ml 

concentration of CNPs show lowest relative cell viability at 45% and 53%, respectively.  
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Figure  5.1. Cytotoxicity studies of alginate CNPs Human Dermal Fibroblast cells. (A,D) absorbance 

value against the concentration of CNPs (B,E) relative cell viability against the concentration of CNP 

and (C,F) Relative Cell viability against time. (A,B and C) alginate CNPs at 200 . (D,E and F) 

alginate CNPs at 220 . 

In order to verify the significance of the above discussed results, statistical analysis was 

carried out on the data and the results are presented in Table 5.1. Results are analysed by 

using a two-way ANOVA mean ± SD of at least three independent experiments. Statistically 

significant difference determined by (*p < 0.05, **p <0.01, and ***p < 0.001) between each 

concentration and Control (cells and medium without carbon nanoparticle).   

Reduction in the cell viability after 72 hrs relative to the control is proved to be significant 

with the p-value < 0.001.  
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Table 5.1: Cell viability evaluation (resazurin assays) after 24, 48, and 72h of incubation with 

fibroblasts and increasing concentrations of alginate CNPs.  

Sample Incub. 

time 

10µg/ml 20µg/ml 50µg/ml 100µg/

ml 

150µg/

ml 

200µg/

ml 

250µg/

ml 

CNPs 

at 

200
0
C 

24h Ns ns ns ns ns ns ns 

48h Ns **  **  ns *  ns ns 

72h ****  ****  ****  ****  ****  ****  ****  

CNPs 

at 

220
0
C 

24h Ns ns ns ns ns ns ns 

48h *  ns ns ns ns ns ns 

72h Ns *  ***  **  ****  ****  ****  

 

 Toxicity study of glucose CNPs in Human Dermal Fibroblast cells. 5.3.2.

Figure 5.2 shows the effect of using glucose CNPs heated at 200 and 220°C in the live cells. 

Like in the case of alginate CNPs, absorbance values were measured as function of added 

CNP concentration after 24, 48 and 72hrs of incubation. The data used to deduce the cell 

viability as a function of CNP concentration and over a period of three days.  

For CNPs at 200°C, the absorbance values stay approximately constant regardless the added 

CNP concentration for all the samples. However, the samples incubated for 48hrs show 

higher absorbance values compared to other two sets of samples. Unlike for the alginate 

samples, the relatively cell viability, decreases for all the samples incubated 24hrs. 

Surprisingly, for samples incubated 48 hrs and 72hrs, cell viability increases. 

Glucose CNPs at 220°C indicate similar absorbance behaviour to low temperature samples. 

However, the relative cell viability is much improved for the higher temperature samples 

compared to those heated at 200°C. The reduction shown in relative cell viability for the 

samples incubated 24hrs, seems to recover after 48hrs except for the two highest added CNP 

concentrations where the values are in the range of 80 to 90%.  

The cell viability in carbon nanoparticles from glucose demonstrated less toxicity compared 

with the cell viability for the alginate samples. 
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Figure  5.2. Cytotoxicity studies of glucose CNPs Human Dermal Fibroblast cells. (A,D) absorbance 

value against the concentration of CNPs (B,E) relative cell viability against the concentration of CNP 

and (C,F) Relative Cell viability against time. (A,B and C) glucose CNPs at 200 . (D,E and F) 

glucose CNPs at 220 . 

Like with results of the alginate CNP samples, statistical validation was carried out on the 

data and the results are presented in Table 5.2. Results were analysed by using a two-way 

ANOVA mean ± SD of at least three independent experiments. Statistically significant 

difference determined by (*p < 0.05, **p <0.01, and ***p < 0.001) between each 

concentration and the positive control (cells and medium without carbon nanoparticle). 

Statistical analysis shows no significance in the data at different concentration or at different 

incubation time.  

Overall data indicates that the relative cell viability in carbon nanoparticles from glucose 

demonstrated less toxicity compared with the cell viability for the alginate samples. 
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Table 5.2: Cell viability evaluation (resazurin assays) after 24, 48, and 72h of incubation with 

fibroblasts and increasing concentrations of glucose CNPs. 

Sample Incub. 

time 

10µg/

ml 

20µg/

ml 

50µg/

ml 

100µg/

ml 

150µg/

ml 

200µg/

ml 

250µg/

ml 

CNPs 

at 

200
0
C 

24h ns ns ns ns ns ns ns 

48h **  ***  ns ns **  **  *  

72h ***  ****  ****  ****  ****  ****  ****  

CNPs 

at 

220
0
C 

24h ns ns ns ns ns ns ns 

48h ns ns ns ns *  ns ns 

72h ns ns ns **  ns ns *  

 

  Toxicity studies of alginate CNPs on melanoma C8161 cells 5.3.3.

Toxicity studies of alginate CNPs on melanoma C8161 cells carried out and results are shown 

in Figure 5.2. Absorbance values were measured as function of added CNP concentration 

after 24, 48 and 72hrs of incubation. The data used to deduce the cell viability as a function 

of CNP concentration and over a period of three days.  

For CNPs at 200°C, the absorbance values stay approximately constant regardless the added 

CNP concentration only for the samples incubated for 24hrs. The other two samples behave 

differently; the samples incubated for 48hrs, absorbance starts at around 0.6 for the control 

sample, but increases up to 1 when concentration of CNP increases. The samples incubated 

for 72hrs behave opposite manner, starting at about 0.9 absorbance to decrease to about 0.6 

while the added CNP concentration increases. The relative cell viability data shows 100% 

relative cell viability for the samples incubated for 24hrs, then an increase in value for the 

samples incubated for 48 hrs. Finally, the relative cell viability decreases below 80% for all 

the samples incubated for 72 hrs. At added CNP concentrations of 200 and 250 µg/ml, the 

relative cell viability values are the lowest at approximately 60%. 

For CNPs at 220°C, the samples incubated for 24 hrs and 48hrs, show absorbance of 0.8 to 

0.9 which stays constant regardless the added concentration of CNP while for samples 

incubated for 72hrs, the absorbance starts at around 1.2, and sharply decreases with added 

CNP concentration until the concentration reaches 100 µg/ml and then plateaus off. 
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The relative cell viability stays constant for all the samples incubated for 24hrs and 48hrs 

regardless the added CNP concentration. After 72hrs incubation, however, the relative cell 

viability decreases gradually with increasing concentration of CNPs. For the sample with 10 

µg/ml CNPs, the relative cell viability value decreases to 85% and reaching below 70% for 

the samples with 150 and 250 µg/ml of CNPs.  

 

Figure  5.3. Cytotoxicity studies of alginate CNPs on Melanoma Cancer (C8161) cells. (A,D) 

absorbance value against the concentration of CNPs (B,E) relative cell viability against the 

concentration of CNP and (C,F) Relative Cell viability against time. (A,B and C) alginate CNPs at 

200 . (D,E and F) alginate CNPs at 220 . 

As previously, the significance of the data was analysed by using a two-way ANOVA mean ± 

SD of at least three independent experiments. The results are presented in Table 5.3.  

For the samples with added CNP produced at 2000
C, the statistical analysis shows no 

significance in the data at different concentration or at different incubation time. On the other 

hand, for the samples with added CNPs at 220
0
C and incubated for 72hrs, the reduction in the 

cell viability vs CNP concentration relative to the control is proved to be significant with the 

p-value < 0.001.  
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Table 5.3: Cell viability evaluation (resazurin assays) after 24, 48, and 72h of incubation with 

Melanoma Cancer (C8161) cells and increasing concentrations of alginate CNPs. 

Sample Incub. 

time 

10µg/

ml 

20µg/

ml 

50µg/

ml 

100µg/

ml 

150µg/

ml 

200µg/

ml 

250µg/

ml 

CNPs 

at 

200
0
C 

24h ns ns ns ns ns ns ns 

48h ns ns ns ns ns ns ns 

72h ns ns ns **  ns ns ns 

CNPs 

at 

220
0
C 

24h ns ns ns ns ns ns ns 

48h ns ns ns ns *  *  ***  

72h **  ****  ****  ****  ****  ****  ****  

 

 Toxicity studies of glucose CNPs on melanoma C8161 cells. 5.3.4.

Figure 5.4 show the results of toxicity studies of glucose CNPs on melanoma C8161 cells. 

Absorbance values were measured as function of added CNP concentration after 24, 48 and 

72hrs of incubation. The data used to deduce the cell viability as a function of CNP 

concentration and over a period of three days.  

For CNPs at 200°C, the absorbance values were slightly decreasing with increasing the added 

CNP concentration only for all the samples. The relative cell viability data for 24hrs 

incubated samples stays above 100%, but for the samples incubated 48hrs and 72hrs, slight 

decrease in values vs concentration of added CNPs. 

For CNPs at 220°C, the absorbance behaviour found to be like the samples with CNPs at 

200°C. This is also true for the relative cell viability results, however, reduction in cell 

liability is much higher for CNPs at 220°C compared to the CNPs at 200°C. In summary, the 

CNPs synthesised from glucose at 200 and 220°C showed less toxicity, even at a higher 

concentration (250 µg/ml).  
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Figure  5.4. Cytotoxicity studies of glucose CNPs on Melanoma Cancer (C8161) cells. (A,D) 

absorbance value against the concentration of CNPs (B,E) relative cell viability against the 

concentration of CNP and (C,F) Relative Cell viability against time. (A,B and C) glucose CNPs at 

200 . (D,E and F) glucose CNPs at 220 . 

The statistical analysis of the results is presented in Table 5.4. For all the samples studied, 

statistical analysis shows no significance in the data at different concentration or at different 

incubation time.  

Table 5.4: Cell viability evaluation (resazurin assays) after 24, 48, and 72h of incubation with 

Melanoma Cancer (C8161) cells and increasing concentrations of glucose CNPs. 

Sample Incub. 

time 

10µg/

ml 

20µg/

ml 

50µg/

ml 

100µg/

ml 

150µg/

ml 

200µg/

ml 

250µg/

ml 

CNPs 

at 

200
0
C 

24h ns ns ns ns ns ns ns 

48h ns ns ns ns ns ns ns 

72h ns ns ns ns ns ns ns 

CNPs 

at 

24h ns ns ns ns ns ns ns 

48h ns ns ns ns *  ns ns 
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220
0
C 

72h ns ns ns **  ns ns *  

 

 Wound healing study  5.4.

Another method used to assess the biocompatibility of CNPs when interacting with cells is a 

cell scratch assay. The method is modelled upon the fact that a óscratchô, which is a new 

artificial gap, is formed on a confluent cell monolayer. A scratch, or gap, develops when the 

areaôs cells are removed or physical exclusion occurs in a monolayer due to various methods, 

such as chemical, mechanical, or thermal damage. After this, images are captured at the 

beginning and at regular intervals to monitor cell migration in the gapôs direction. These 

images are then compared to calculate the cell migration rate. As this assay is versatile and 

convenient, it can be used for several purposes and achieve better results on a high 

throughput screen platform. Wound-healing assay data was acquired after calculation in 

ImageJ. The WH_NJ macro was validated by evaluating its precision in the detection and 

calculation of areas related to wounds made in the cell monolayer.  

 Image capture and data analysis 5.4.1.

Images at time zero (t = 0 h) were captured to record the initial area of the wounds, and the 

recovery of the wounded monolayers due to cell migration toward the denuded area was 

evaluated different time points. The images were captured using an optical microscope 10× 

objective) equipped with a Motic digital camera. The area of wound was quantified by Image 

J software (NIH, USA) using the polygon selection mode. The migration of cells toward the 

wounds was expressed as percentage of wound closure.  

 Wound healing Scratch assay in Melanoma C8161 5.4.2.
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Figures 5.10-5.13 show the phase contrast between optical micrographs of the cultured 

melanoma (C8161) incubated with CNPs from glucose and alginate produced at different 

temperatures. The scratch assay was used and observed at 0, 1, 2, and 24h. At zero hours, the 

distance between two regions became evident where melanoma cells at 90% confluence were 

separated by pipette tips. The figures show that there was no significant difference between 

the control with the medium and CNPs incubated with glucose and alginate. The cells, the 

control, and cells with particles experienced a rapid movement in the first hour. The smaller 

distance was observed after 2h when the cells were incubated with the CNPs; the distance is 

much wider in the control group. After 24h, the scratch region was completely closed from 

both sides. It was previously reported that melanoma C8161 has a 20h doubling time. When 

the melanoma was incubated with glucose at 200°C, the cells treated with the particles 

migrated faster than the control. This result is in line with a previous study where onion 

carbon dots lead the cells to migrate faster than the control [94].  

 

 

 

 

 

 

 

Figure  5.2. A) Wound healing assay in melanoma cancer cells forming a confluent monolayer. 

100 mg/ml CNPs from glucose at 200°C was added to the cells and incubated for different durations; 

the images were taken at each time point (B) Quantification of total area analysis and (C) Statistical 

analysis expressed as percentage of wound closure. 
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Figure  5.3. (A) Wound healing assay in melanoma cancer cells forming a confluent monolayer. 

100 mg/ml CNPs from glucose at 220°C was added to the cells and incubated for different durations; 

the images were taken at each time points. (B) Quantification of total area analysis and (C) Statistical 

analysis expressed as percentage of wound closure 

 

 

 

 

Figure  5.4. Wound healing assay in melanoma cancer cells forming a confluent monolayer. 100 

mg/ml CNPs from alginate at 200°C was added to the cells and incubated for different durations; the 

images were taken at each time points, (B) Quantification of total area analysis and (C) Statistical 

analysis expressed as percentage of wound closure. 
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Figure  5.5. A) Wound healing assay in melanoma cancer cells forming a confluent monolayer. 100 

mg/ml CNPs from alginate at 220°C was added to the cells and incubated for different durations; the 

images were taken at each time points (B) Quantification of total area analysis and (C) Statistical 

analysis expressed as percentage of wound closure.  

 

 Wound healing Scratch assay in fibroblast cells.  5.4.3.

The HDF cells were used to evaluate the cell migration after incubation with CNPs. Figures 

5.14 -5.17 A represent phase contrast optical micrographs of the cultured HDF with CNPs 

produced from alginate at 200 and 220  and glucose 220 . Figures 5.15 ï 5.17 B show the 

effect of CNPs on the migration of C8161 melanoma cells over 24h following a scratch, 

while the corresponding figure (C) demonstrates the effect of CNPs on HDF migration at 48h 

after a scratch.  

In the above scratch wound healing assay, the random migration of HDF cells was studied 

using simple wound healing assays to visualise cell movement after being treated with CNPs. 

The figures indicate that the fibroblast moved as single cells migrated from the edge to 

another area of the scratch. In alginate CNPs, the scratch was completely closed after 53h. 

Conversely, the figures indicate that the cells treated with glucose CNPs healed faster than 

the control. After comparison with the control, the cells treated with CNPs migrated slightly 
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faster than the cells treated with the medium only. Overall, there was no difference in 

migration rates between the control and the cells treated with CNPs.  

 

Figure  5.6. Wound healing assay in HDF cells forming a confluent monolayer. Important to notice 

that the cells were not treated with the CNPs. Scale bar 100µm. 

Figure  5.7. (A) Wound healing assay in melanoma cells forming a confluent monolayer. 100 mg/ml 

CNPs from alginate at 200°C added to the cells and incubated for different durations; the images were 

taken at each time interval; (B) Quantification analysis shows the reduction distance after scratch;(C) 
Statistical analysis, Scale bare 100µm 

 

 

 






















































































































