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Abstract 

Introduction 

Nanotechnology is a rapidly expanding field with a multitude of practical uses 

namely textiles, cosmetics, agriculture, and health sciences. The focus, for the 

purposes of this thesis, will be on carbon dots. The small size and low surface-

to-volume ratio result in different physico-chemical behaviour of these particles in 

comparison to its significantly larger bulk-produced counterparts. Their 

usefulness is paralleled by their risk in that many of these nanoparticles can 

become volatile if not safety manufactured and controlled. The aim of this thesis 

is to investigate potential toxicological effects of amine-functionalized carbon dots 

(N-CDs). 

Methodology 

Synthesis, functionalisation, and characterisation of the N-CDs were performed 

by the Department of Civil and Environmental Engineering, University of Missouri. 

Cultured RAW264.7 macrophages were exposed to the nanoparticles for the 

toxicological assessment of the particles. 

Three study phases of differing N-CD concentration ranges were conducted. The 

concentration ranges were 0 – 500 µg.mL-1, 0 – 100 µg.mL-1, and 0 µg.mL-1, 6.25 

µg.mL-1, and 25 µg.mL-1. Cell viability assays were performed in all the study 

phases utilising WST-1. Nitric Oxide (NO) quantification for the determination of 

inducible NO synthase (iNOS) activity was performed using Griess Reagents in  

the second and third study phases. A DAS-ELISA for the quantification of IL-6 
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was performed in the second and third study phase to determine influence on 

inflammation.  

The proteome profiler array assay was performed on the three concentrations of 

the third study phase for the detection of various cytokines. Subsequently, three 

cytokines were selected for further quantification namely; MIP-1β, MIP-2, and 

TNF-α.  

Results 

The cell viability assay of the first study and second phase illustrated a dose-

dependent decline in viability. In the third study phase, both nanoparticle 

concentrations, 6.25 and 25 µg.mL-1 showed a significant inhibition of viability.  

Nitric oxide (NO) production showed no significant difference in the second and 

third study phases. However, in the third study phase with LPS stimulation, the 

production of NO was significantly inhibited at concentration 6.25 and 25 µg.mL-

1 compared to the positive control. Furthermore, concentration 25 µg.mL-1 N-CD 

showed a significant decline in NO production in comparison to 6.25 µg.mL-1.  

The production of interleukin 6 (IL-6) was up-regulated in the second study phase 

at concentrations 12.5, 25, and 50 µg.mL-1 compared to the negative control. In 

the third study phase, no up-regulation of IL-6 was detected at either nanoparticle 

concentration. 

Proteome profiling was performed on all concentrations of the third study phase 

for both unstimulated and LPS stimulated macrophages. On the membrane for 

concentration 25 µg.mL-1 N-CDs without LPS stimulation, the production of 

various cytokines were stimulated that were not present in the negative control 

and the lower concentration 6.25 µg.mL-1 namely; IL-1ra, IP-10, MCP-1, MIP-2, 
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RANTES, and  TNF-α. Notable cytokine production were seen on membranes 

representing LPS stimulation; I-TAC at 0 µg.mL-1 N-CDs, IL-16 at 6.25 µg.mL-1 

N-CDs, and IL-27 at 0 and 6.25 µg.mL-1. 

Three cytokines were subsequently selected for quantification namely; MIP-1β, 

MIP-2, and TNF-α. In all three quantification assays, cytokine production was 

significantly up-regulated at the concentration 25 µg.mL-1 in comparison to both 

0 µg.mL-1and the lower concentration 6.25 µg.mL-1 N-CDs. 

Conclusion 

It is evident that the N-CDs exhibited metabolic interference on the RAW 264.7 

murine macrophages. In addition, various cytokines were up-regulated in the 

presence of nanoparticles without stimulation of LPS, and, conversely, cytokines 

were down-regulated in the when stimulated by LPS. This raises the question of 

how co-morbidity would present within hosts. The proteome profiler array assay 

has provided a platform for further investigation into nanoparticle influence on the 

immune system. 
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CHAPTER 1 

Introduction 

1.1. Influence and impact of nanotechnology on the environment and 

modern society 

Nanotechnology is rapidly expanding field with a multitude of practical uses 

namely textiles (Haydon, 2012), cosmetics (Raj et al., 2012), agriculture (Parisi, 

Vigani and Rodríguez-Cerezo, 2015), and health sciences. Additionally, the use 

of nanotechnology for biomedical applications is growing at an exponential rate 

as the understanding of this technology advances. Nanoparticles are one 

component in the broader field that has enormous medical applications from drug 

delivery (Blanco, Shen and Ferrari, 2015) to bio-imaging (Choi et al., 2014). 

Because of its small size, nanoparticles do not possess the same physico-

chemical properties that its larger bulk constituents would have (Mudunkotuwa 

and Grassian, 2011). This difference, among others, makes the application of 

nanoparticles more versatile. However, with the change in material properties 

comes potential toxicity (Khan, Saeed and Khan, 2019). Nanoparticles do not 

behave in the conventional manner in which larger molecules behave due to its 

surface-to-area ratio, nanoscopic size, and chemical reactivity. The changed 

properties associated may present adverse effects for the human population and 

the environment. 

The emergence of nanotechnology is not recent. It can be traced back centuries, 

where it was used in pottery techniques for different finishes on clay moulds 

http://etd.uwc.ac.za/ 
 



2 
 

(Colomban, 2009). In modern society, the current aim is to harness the potential 

of nanoparticles to perform as desired and not be incidentally manufactured. It 

should be noted that the advancement in this field of nanotechnology is being led 

by developed nations such as U.S.A, Japan, and various European countries 

(Palmberg, Dernis and Miguet, 2009). The development lag between developed 

and developing nations provides developing nations with an unintentional, yet 

unique, opportunity to conduct research on various aspects of nanoparticles and 

to perform preliminary risk assessments and strategies where necessary. These 

studies can be utilized to mitigate potential danger before nanotechnology goes 

unregulated in these developing nations. This advantage can be exploited by 

utilizing exposed populations in the developed countries, current infrastructure, 

and prevalence of nanotechnology within these countries. Studies should be 

conducted to illustrate the current effects of nanotechnology, extrapolate those 

effects to the home nation, and pre-emptively formulate guidelines to mitigate 

and/or control potential risks faced. 

The field of nanomaterials is vast, and in particular, the area of carbon-based 

nanomaterials is of relevance to this study. There exists many variants of carbon-

based nanomaterials, namely: carbon nanotubes (single-walled (SWCNT), and 

multi-walled (MWCNT)), carbon nanosheets, where one dimension is less than 

100nm in size; fullerenes; and carbon quantum dots (Yao and Zhang, 2016). The 

focus, for the purposes of this research paper will be on the group of carbon dots. 

These particles range between 1 and 100nm in diameter. Initially the 

development of these nanoparticles was based on a metal-core and an outer 

coating. Adding a coating increased the size of the particle but maintained the 

nanoscale size and function. The small size and low surface-to-volume ratio 
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result in a different physico-chemical behaviour of these particles in comparison 

to its significantly larger bulk-produced counterparts (Roduner, 2006). These 

include higher reactivity causing increased volatility, shorter half-life, increased 

ability to transverse barriers (i.e. cell walls), ability to adsorb other molecules 

interfering with chemical processes and pathways (Banda et al., 2014). Areas of 

interest where nanoparticles have been incorporated include self-care products, 

textiles, and pharmaceuticals. More recently, they have been incorporated into 

cancer therapy as a diagnostic tool and for drug administration (Pandey et al., 

2013). Their usefulness is paralleled by their risk in that many of these quantum 

dots can become volatile if not safety manufactured and controlled. The outer 

coating of metal-based quantum dots mitigates the toxicity of the metal core. If, 

however, the coating were to degrade while present in the human body, the metal 

core can cause harm to various tissues within the body depending on the metal 

used (Zhang et al., 2007). 

Metal-based quantum dots possess a substantial health risk to the humans 

exposed.  Therefore, further research was conducted to look for alternatives to 

the metal core. This led to the discovery of carbon-based nanodots (carbon dots 

(CDs)). Carbon dots are structured similarly to the initial metal-based quantum 

dots where the carbon particle forms the core of the nanoparticle. However, these 

quantum dots still possess the physico-chemical properties as aforementioned, 

one of which is its volatility. To counteract this measure, surface passivation can 

be performed to increase the half-life of the CD without significantly affecting its 

effectiveness as a nanoparticle. Carbon dots are considerably less toxic than 

other quantum dots. However, due to its recent immergence in the industry, there 
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has not been many studies conducted on its full toxicity potential (Wang et al., 

2011d).  

The aim of this thesis is to investigate potential toxicological parameters of amine-

functionalized carbon dots (N-CDs) and, if possible, identify markers indicative of 

exposure to these CDs for the purpose of mitigating risk and determining 

regulatory action for industry purposes. 

1.2. Problem Statement 

As it currently stands, nanoparticles as an incorporated technology has not been 

analysed to its fullest extent. This includes identifying all possible parameters of 

influence it may possess. Because of the lack of toxicological information, 

nanoparticle production and use within society are poorly regulated. 

Manufacturing and incorporating such nanochemicals into society without 

determining the health implications may lead to adverse outcomes in future. 

Research methodologies such as pharmacodynamics (in vitro, in vivo, ex vivo), 

and analytical end-points such as LD50 and biochemical pathway modulations, 

need to be considered when investigating the impacts of NPs on living organisms.  

As part of our contribution to increase knowledge on nanoparticle interaction with 

biological systems, the current study will, specifically, investigate the effects of N-

CDs on macrophage biomarkers. 
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CHAPTER 2 

Literature Review 

2.1. Overview of Carbon dots 

 Discovery and Characterisation of Carbon Dots 

Carbon dots (CDs) were discovered accidentally by Xu, et al in 2004. These 

authors found that one of the fractions generated upon electrophoretic purification 

of single walled carbon nanotubes contained small carbon nanoparticles 

subsequently referred to as CDs. Since this discovery, vast improvements have 

been made in synthesis, features, and application of CDs. 

Carbon-based dots occur in three main forms; carbon nanodots (CNDs), 

graphene quantum dots (GQD) (Zhou, Guo and Zhang, 2013; Bacon, Bradley 

and Nann, 2014; Lin et al., 2014), and carbon quantum dots (CQDs) (Wang and 

Hu, 2014b). These carbon-based nanoparticles possess different fluorescent 

properties due to variations in their structure and electrochemical properties. 

CNDs are amorphous, possessing no clear form or structure, and as such, they 

exhibit weak or no Stokes Shift. However, they do exert surface resonance effects 

due to the charge on their surface, allowing adsorption of molecules through 

doping or functionalization. The other nanoparticles, GQDs and CQDs, possess 

quantum confinement which results in a Stokes Shift that is particle size 

dependent. Quantum confinement is the increasing energy requirement for the 

excitation of valance electrons as the size of the nanoparticle decreases 

(Edvinsson, 2018). This is seen in the widening of the bandgap between the 
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valance band and the conduction band. In the figure below, a schematic is shown 

illustrating the correlation between nanoparticle size, bandgap, and emission. 

 

Figure 1 An illustration of the principle of quantum confinement comparing bulk materials to 

nanoparticles. As the particle size decreases, the band gap widens, increasing the energy 

requirement for electron excitation. With the increase in bandgap, the emission spectrum of the 

nanoparticle undergoes a shift towards the blue spectrum. Image adopted from Akkerman 

(2019) and modified. 

Carbon dots emerged as efficient, superior, and universal fluorophores with a 

myriad of synthesis techniques, almost limitless and potentially inexpensive 

starting materials, and fluorescent tunability (Baker and Baker, 2010; Shen et al., 

2012). In combination with semi-conductor nanoparticles, CDs’ photocatalytic 

properties are enhanced (Li et al., 2010b; Zhang et al., 2012a, 2011; Chan et al., 

2002).  

 Structure and composition 

A nanoparticle is defined as a structure with at least one dimension between 1 

and 100 nm. The average size of a CD is less than 10 nm. In some cases, after 

Conduction band 

Valance band 
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passivation or functionalisation, the particle still maintains a size under 10 nm. 

The morphology of CDs is dependent on the synthesis method (Liu et al., 2011). 

Ideally, CDs should remain under 10 nm, even after surface passivation, to 

maintain their various inherent physicochemical and photoluminescent 

properties. 

Typically, the elemental composition of CDs is carbon and oxygen. Depending 

on the material used in the synthesis process, additional elements found in CD 

include potassium (De and Karak, 2013), hydrogen (Wang, Wang and Chen, 

2012b), and nitrogen (Jiang et al., 2015b).  

 Surface Passivation 

Due to their nanoscale, CDs exhibit a high the surface-to-volume ratio, and the 

surface electronic states influence its optical properties. Due to the unsatisfied 

bonds on the surface of the CDs, the surface state may, temporarily, bond with 

charged carriers. These temporary bonds result in a reduction in quantum yield 

(Kuçur et al., 2005). Passivation of CDs is necessary to neutralize these surface 

states in order to minimize loss of quantum yield and quenching of radiative 

recombination. Passivation can occur utilizing either organic or inorganic 

molecules, resulting in improved photostability (Sun et al., 2006), water solubility 

(Liu et al., 2011), chemical reactivity, fluorescence, and other properties (Bera et 

al., 2010). Through surface passivation, the physical and fluorescence properties 

of CDs can be improved upon. Carbon dots maintain various carbonic properties 

such as good photochemical stability, benign chemical composition, and 

conductivity (Yang et al., 2013). 
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 Synthesis of Carbon Dots 

Numerous articles highlight various synthesis methods for CDs which will be 

discussed further (Xu et al., 2004; Ray et al., 2009; Lai et al., 2012; Li et al., 

2011a; Ming et al., 2012; Puvvada et al., 2012; Sahu et al., 2012). Collectively, 

these methods can be categorized into two fundamental approaches; top-down 

or bottom-up. The top-down approach utilizes larger carbon-based material (e.g. 

SWCNTs, MWCNTs), and fragments these particles into smaller compounds 

and, eventually, into CDs. Synthesis methods include laser and chemical 

ablation, and arc discharge.  

The bottom-up approach relies on sourcing starting material with a carbon base 

or the starting material being carbonized and building CDs from the starting 

material. In bottom-up methods, CDs are synthesized through the processes of 

dehydration and carbonization namely; hydrothermal (Yang et al., 2011), 

carbonization in a micro-reactor or microwave-hydrothermal (Zong et al., 2010), 

and plasma-hydrothermal (Tang et al., 2012). Below are a few of the more 

popularly used methods of CD synthesis. 

 SWCNT/candle soot synthesis 

While purifying soot, it was discovered that two different classes of material were 

contained within the soot; short tubular structures and fluorescent nanoparticles. 

The purification required oxidation for the soot to be water soluble. After 

extraction using water, TEM analysis showed mostly graphitic sheets and large 

carbonaceous particles (Xu et al., 2004). 
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 Electrochemical synthesis/carbonisation 

A graphite rod was used as the anode and inserted into the electrolyte (ultrapure 

water). A second graphite rod was placed in parallel to the first rod to serve as a 

counter electrode. The solution was filtered and centrifuged to remove graphitic 

particles. The resultant carbon dots were analysed showing their crystalline 

nature and high dispersibility in water. They also displayed photoluminescent 

properties and were between 3-6 nm in size (Ming et al., 2012).  

Carbon dots resulting from electrochemical synthesis exhibit properties such as 

high crystallinity, good dispersibility, and up-conversion photoluminescence 

(UCPL). These properties would prove useful as energy transfer elements in 

biological and photocatalytic applications (Ming et al., 2012). 

 Pyrolysis 

This process requires only a single carbon precursor in the synthesis of CDs. 

Glycerol was used as a source of carbon and as a solvent. Through pyrolysis, 

glycerol undergoes dehydration and fragmentation. Carbon dots synthesized 

through this method are amorphous in nature and, through PEG-ylation or 

conjugation, result in high emission intensity in comparison to the CDs alone. (Lai 

et al., 2012). Although this method is cost effective, the optical properties of the 

CDs without conjugation are less significant due to size distribution. 

 Microwave-assisted pyrolysis 

Multicolour luminescence has been achieved by microwave synthesis of carbon 

dots using dextrin as a starting material. The characterization of the carbon dots 
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revealed that the particles obtained multicolour luminescence without additional 

functionalization (Puvvada et al., 2012).  

These carbon dots are relatively stable in nature due to the high temperatures 

involved in its synthesis. Additionally, the carbohydrates used yields a high 

amount of carbon dots. The unique attributes of carbon dots obtained via 

microwave synthesis are the multicolour luminescence and the nanoparticles are 

not required to receive any surface passivation. This is applicable in bioimaging 

especially with regards to recognition of diseased cells at various locations in the 

body. 

 Ultrasonic synthesis 

Active carbon and hydrogen peroxide were mixed to form a black suspension. 

The solution was ultrasonicated and filtered, removing the insoluble precipitate. 

The morphology of the nanoparticles was dependent on the ultrasonication time, 

ranging from large carbonaceous particles, with a short sonication time, to finely 

dispersed spherical particles, with a long sonication time. Bright blue-green 

fluorescence was observed when irradiated with ultraviolet (UV) light. The PL 

spectrum extended into the near infrared (NIR) region at an excitation of 350 nm 

(Li et al., 2011b). 

Another method researched was acid-assisted ultrasonication. Carbon 

nanoparticles were obtained from a glucose solution. Sodium hydroxide was 

added to the solution and the mixture was ultrasonicated (Li et al., 2011a). 

Photoluminescence (PL) in the visible to NIR range was observed, as well as up-

conversion luminescence properties. This method is highly useful to obtain ultra-
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small (< 5nm) spherical carbon dot size, although the nanoparticle size 

consistency is not certain. 

 Hydrothermal/Solvothermal carbonization 

This method is cheap, environmentally friendly, and non-toxic for the fabrication 

of carbon-based material from several starting materials. Carbon dots were 

prepared from various starting materials namely; protein, citric acid (Zhu et al., 

2013), glucose (Yang et al., 2011b), chitosan (Yang et al., 2011a), and banana 

juice (De et al., 2014). Sahu et al. (2012) synthesized highly photoluminescent 

carbon quantum dots using the  hydrothermal carbonization (HTC) of orange 

juice, thereafter  the resultant mixture was centrifuged. The sizes ranged between 

1.5 – 4.5 nm and were used in bioimaging due to their low toxicity and high 

photostability. Yang et al. (2011a) studied a one-step fabrication of amino-

functionalised fluorescent carbon quantum dots by HTC of chitosan at 180°C for 

12 hrs. 

 Synthesis via Chemical ablation 

Strong oxidizing acids carbonize small organic molecules to carbonaceous 

materials, which can be further cut into small sheets by controlled oxidation (Ray 

et al., 2009; Tian et al., 2009). Surface passivation is essential to maintain the PL 

of these CDs. The emission wavelength of these CDs can be tuned by differing 

the starting material and the duration of the acid treatment. The multicolour 

emission capabilities and nontoxic nature of these CDs enable them to be applied 

in life science research (Wang and Hu, 2014b). 
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 Synthesis via Laser ablation 

Hu et al. (2009) reported the synthesis of fluorescent CDs by laser irradiation of 

a suspension of carbon materials in an organic solvent (e.g. diethanolamine). 

Diethanolamine, used as a solvent, results in a higher emission intensity in 

comparison to using PEG200N. By changing organic solvents, the surface states 

of the CDs could be modified to achieve tuneable photoluminescence emission.  

 Properties of Carbon Dots 

 Surface state 

Functionalization of carbon dots influences the surface energy of these 

nanoparticles. Passivation, in contrast to functionalization, serves to stabilize the 

nanoparticle while maintaining its inherent properties. Often passivation results 

in functionalization where the property of a nanoparticle is enhanced. Organic 

molecules possessing nitrogen moieties have been shown to effectively 

passivate the surface of carbon dots and, incidentally, improve fluorescence 

efficiency (Li et al., 2014). 

 Fluorescence 

The PL mechanism by which the synthesized CD operates is dependent on the 

inherent properties that it possesses. Some of the benefits adding to PL is 

photostability and non-blinking, which allows for single molecule tracking (Li et 

al., 2010d). The excitation-dependent PL behaviours can be applied in 

multicolour imaging applications (Wang et al., 2011b). However, PL properties of 

carbon dots are sensitive to numerous factors which hinders the comprehensive 

understanding of their PL properties. 
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We also found that PL was pH dependent, and protonated surface functional 

groups had higher PL intensities. This of course will change with the chemical 

nature of passivation layers and surface functionalization  

 Absorption 

CDs possess some similar optical properties to metal-based quantum dots 

regarding their absorption and fluorescence abilities (Sun et al., 2006; Zhao et 

al., 2008). They display a maximum absorption in the UV region (230-320 nm) 

with the tail extending in the visible range. The connected functional group may 

be responsible for the absorption at the UV-visible regions (Sun et al., 2006). 

 Biological functionality 

Zhao et al. (2008) reported that the  human kidney cells (293T) were not damaged 

when exposed to graphene CDs synthesized via electrochemical treatment of 

graphite. Cytotoxicity of CDs coated with various functional groups, i.e. 

polyethylene glycol (PEG, 1 – 2.2 mg/mL) (Yang et al., 2009b), polyethylenimine 

(PEI, 1 – 200 µg/mL) (Wang et al., 2011d), branched polyethylenimine (BPEI, 

16.8 µg/mL) (Dong et al., 2012), and polyacrylic acid (PAA, 36 µg/mL) (Wang et 

al., 2011c) was also evaluated. PEG-carbon dots were found to be non-toxic to a 

certain extent. These were at concentrations higher than necessary for cell 

imaging and related applications (Wang et al., 2010b). At high concentrations, 

the PEI-free sample was found to be non-toxic to human colorectal 

adenocarcinoma cells (HT-29). The PEI-functionalized quantum dots were found 

to be more toxic than the PEI-EI functionalised quantum dots. Free PAA in a non-

aqueous solution was found to be damaging to cells even at low concentrations 
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(50 g/ml). Both PAA-functionalised quantum dots and free PAA were found to 

be toxic after 24 hrs (Wang et al., 2011d). 

 Applications of Carbon Dots 

 Optical sensors 

The unique characteristics of CDs have become applicable in the field of bio-

imaging and optical sensing (Valizadeh et al., 2012; Eatemadi et al., 2014). The 

detection of metals within cells is very important for the purpose of metal-based 

cytotoxicity and pharmacokinetics. Detection before the onset of cellular 

pathology may prevent damage. The ability to track the movement of metals 

throughout the body identify areas of effect that various metals may impact 

(Bernhoft, 2012; Ashish, Neeti and Himanshu, 2013; Nriagu, 2019) or provide 

greater information on metabolic activities (Nordberg and Nordberg, 2000; Coyle 

et al., 2002; Bell and Vallee, 2009). The synthesis of CDs via environmentally 

friendly methods can be utilized for this purpose. The photophysical properties 

are dependent on the core size, chemical composition, and structural chemistry. 

Bonds created between metal ions and the surface state of CDs have a significant 

effect on quenching or enhancement of the PL of carbon dots (Ding, Zhu and 

Tian, 2014). Exploiting the significance of these bond, optical sensors can be 

used for identification and quantification of metal ion in environmental and 

biological systems (Salinas-Castillo et al., 2013). 

Up-conversion photoluminescence (UCPL) is a unique property possessed by 

carbon dots. This entails the emission occurring at a shorter wavelength than 

excitation (Jia, Li and Wang, 2012). Up-conversion photoluminescence 

emissions were observed at 400-650nm, when excitation occurred at 650-
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1000nm. This unique property could be applicable in biological labelling and 

ultrasensitive metal-ion detection. 

Carbon dots, produced from hydrothermal synthesis, have been used for the 

detection of metal ions in biosystems. Researchers used carbon dots to detect 

iron (Fe2+) in biosystems. The photoluminescence (PL) intensity decreased as 

the iron concentration increased (Zhu et al., 2013). 

Various biological and chemical sensors were created based on the fluorescent 

properties of the carbon dots such as the detection of mercury (Hg2+), copper 

(Cu2+) and biological thiols (Dong et al., 2012; Liu et al., 2013). Other applications 

for sensing have gone as far as the detection of acetylcholine using carbon dot-

reduced graphite oxide (Wang, Periasamy and Chang, 2013a).  

Carbon dots were also used to construct chemiluminescence and electro-

chemiluminescence biosensors (Li et al., 2012a; Lin et al., 2011; Shao et al., 

2013). With the investment into carbon dot-based biosensors, there is a potential 

to monitor biologically relevant compounds, namely glucose (Shi et al., 2011), 

nucleic acid (Li et al., 2010a), phosphate (Zhao et al., 2011), cellular copper, iron 

(Zhu et al., 2012), and potassium (Wei et al., 2012). 

Carbon dots are able to detect radicals through a fluorescence quenching 

mechanism (Ren et al., 2014). In a study by Du et al. (2014), mitochondrial 

hydrogen peroxide (H2O2) was monitored by carbon dots serving as the donor of 

energy transfer and carrier for the sensing system. This allowed for the tracking 

of H2O2 levels in murine fibroblast cells (L292) and visualizing endogenously 

produced H2O2 in RAW 264.7 murine macrophages. 
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 Imaging 

2.1.5.2.1. Cellular imaging 

Sun et al. (2006) used CDs as fluorescent labels in cellular imaging by using 

PEG1500N passivated carbons dots to stain human colorectal epithelial cells 

(Caco-2). Other cell lines that can be labelled fluorescently labelled with CDs 

include cervical cancer (HeLa) (Dong et al., 2013), liver cancer (HepG2) (Xu et 

al., 2013), pig kidney epithelial (LLC-PK1) (Hsu et al., 2012), murine fibroblasts 

(NiH-3T3) (Zhang et al., 2013), and human lung cancer (A549) (Wu et al., 2013). 

All of these cells displayed a non-specific intracellular up-take of carbon dots that 

can be monitored by fluorescent imaging. 

Although carbon dots have been reported as pH-insensitive, their PL properties 

are pH-sensitive. The PL intensity decreased as the pH increased from 2 – 12. 

The response was found to be reversible, which could prove useful to serve as a 

proton sensor in cellular metabolism monitoring with proton release (Pandey et 

al., 2013). 

2.1.5.2.2. Bio-imaging 

Biological labelling and bio-imaging is an important application in the field of 

diagnostics (Li et al., 2010c; Cao et al., 2007; Esteves da Silva and Gonçalves, 

2011; Pan et al., 2012). Significantly, carbon dots can emit in the NIR region 

under NIR light excitation. This is important for in vivo bio-nanotechnology 

because of the body tissue transparency in the NIR “water window” (Li et al., 

2011a) allowing for imaging with minimal interference or background signalling in 

the 650 – 1350 nm range.  
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The photo-induced electron transfer feature of carbons dots may present a 

possibility for light energy conversion, photovoltaic devices and related 

applications (Wang et al., 2009; Zhou et al., 2012). 

2.1.5.2.3. In-vitro imaging 

Carbon dots were used in a multitude of cell transfection images namely HeLa 

(Chandra et al., 2011; Bhunia et al., 2013; Luo et al., 2013; Xu et al., 2013; Choi 

et al., 2014; Chong et al., 2014; Ding, Zhu and Tian, 2014), human neural stem 

cells (Shang et al., 2014), 4T1 (Wang et al., 2014a), NIH-3T3 (Zhang et al., 

2012c), A549 (Vedamalai et al., 2014), and HepG2 (Xu et al., 2013). Xu et al. 

(2013) showed the entry of carbon dots into the cell via endocytosis and non-

specific aggregation in the cytoplasm. However, a study by N. Li et al. (2012b) 

reasoned that transportation across the cell membrane may not be linked to 

endocytosis but another energy dependent mechanism. Few exceptions are 

noted of carbon dots entering the nucleus (Zhu et al., 2011). Surface modification 

of carbon dots is an essential route to prepare multifunctional tumor targeting 

probes. Tang et al. (2013) modified carbon dots with folic acid and doxorubicin 

for recognition of cancer cells, drug delivery, and fluorescence imaging.  

2.1.5.2.4. In-vivo imaging 

Using a zebrafish as a model, it was shown that carbon dots selectively 

accumulate in the eye and yolk sac (Xu et al., 2014a; Wei et al., 2014; Kang et 

al., 2015). Due to the long in vivo half-life of carbon dots (60 hours) they were 

suitable for the observation of the developmental stages of zebrafish (Kang et al., 

2015). Blue- and green-emitting carbon dots are not ideal for in vivo imaging due 

to the autofluorescence of biological material in this range (Gao et al., 2004). 

However, some work was done on it such, as PEG-passivated and ZnS-doped 
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carbon dots. No apparent toxicity towards tissues or organs were observed when 

performing these in vivo analyses. In mice, carbon dots were administered via 

subcutaneous injection and were excreted via the kidney in urine 4 hours after 

administration. The rate at which PEG-modified carbons dots were metabolized 

was observed to be slower than the non-modified carbon dots (Yang et al., 

2009b). 

 Biological application 

Carbon dots that were modified using folic acid via an amide condensation 

reaction was used in the detection of cancer cells (Song et al., 2012). Modification 

of carbon dots to possess a positive charge was used to absorb negatively 

charged DNA for gene transfer (Liu et al., 2012). These carbon dots can transport 

genes and simultaneously fluoresce to identify their position within the cell to track 

transport (Lai et al., 2012).  

Bio-imaging is a multifunctional technique that is pertinent to targeted drug 

delivery. Additionally bio-imaging is utilized in sensing defective sites within a 

body. Semiconductor quantum dots with highly fluorescent properties have 

resulted in the advancement of bio-imaging techniques (Hines and Guyot-

Sionnest, 1996). The toxicity of quantum dots remains one of the biggest 

concerns when used in biological systems (Hardman, 2006). The main benefit of 

quantum dots in the field of bio-imaging is their photoluminescence. The 

advantage of CDs is their tunable and multicolour photoluminescence properties. 

In vitro and in vivo analysis can be performed due to improved photon tissue 

penetration occurring from CDs.  
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Due to the functionalization of the surface of carbon dots, attachment of drugs for 

targeted delivery is possible (Mewada et al., 2014). Such research has been 

applied to cancer therapy (Liu et al., 2008; Thakur et al., 2014), DNA 

transportation (Kim et al., 2013), psychotherapy (Pandey et al., 2013), and 

antibiotic therapy displaying enhanced antimicrobial activity (Thakur et al., 2014).  

Carbon dots are readily available for cellular uptake and biocompatible thus 

resulting in reduced cytotoxic effects, and making them potentially safe, potent, 

and good delivery vectors in comparison to the metal-based predecessors, 

quantum dots. 

2.2. Carbon-based Nanoparticles and its Toxicity 

 Introduction  

Numerous studies have argued the toxic nature of inorganic quantum dots (IQDs) 

(Hoshino et al., 2004a; Chang et al., 2006; Hardman, 2006), as they require 

functionalisation to be used  safely and to be biocompatible. This is necessary 

due to their metal-core and hydrophobicity. Moreover, the coating material which 

is used to render the quantum dot core non-toxic, has been shown to elicit toxicity; 

i.e. DNA damage and free radical production (reviewed in Hoshino et al., 2004a). 

This gave rise to the use of carbon-based nanoparticles as fluorescent particles 

to replace IQDs. Although the carbon-based nanoparticles, and in particular CDs, 

have a reduced toxicity comparative to its predecessor, this does not indicate the 

absence of toxicity entirely. In this section, a brief overview of toxicological effects 

of various carbon-based nanoparticles will be highlighted, placing emphasis on 

CDs. In addition, as very little literature has been focused on the toxicological 
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aspects of amine-functionalised carbon dots (N-CDs), the following discussion is 

aimed at inferring possible outcomes regarding toxicological potential of N-CDs. 

 Nanoparticle Biodistribution  

The fluorescent properties of carbon-based nanoparticles has already been 

established. This concept is of particular importance in that CDs and N-CDs are 

predominantly exploited in the biomedical field for their fluorescent and 

photoluminescent properties. This lends itself to the increasing probability of 

human exposure to these nanoparticles. Research into toxicity of CDs is 

extensive but, unfortunately, not conclusive (Wang et al., 2010a; Yang et al., 

2009a; Donaldson et al., 2006; Hardman, 2006; Lacerda et al., 2006; Kolosnjaj, 

Szwarc and Moussa, 2007; Lewinski, Colvin and Drezek, 2008; Aillon et al., 2009; 

Shvedova et al., 2009; Singh et al., 2009; Firme and Bandaru, 2010; Christensen, 

Sun and Juzenas, 2011). The factors detracting from the in-depth 

characterisation of CD toxicity is the variability in synthesis, deviation in 

morphological structure from synthesis method, functionalisation of CD (e.g. 

addition of an amine group), and subsequent profiling of CD after exposure to 

experimental conditions (e.g. structure of CD in serum). These factors are simple 

in concept but are inexhaustible in variation, which the immune system may have 

difficulties being able to efficiently dispose of CDs before any harmful effects are 

caused. 

Toxicity of CDs could be associated with the method of synthesis rather than the 

nanoparticle itself. Each synthesis method results in different characteristics 

being focused on; morphology (Prasannan and Imae, 2013), fluorescence (Wang 

et al., 2011a; Puvvada et al., 2012), electrochemistry (Ming et al., 2012), or 
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photoluminescence (Lai et al., 2012). The application of the CD will guide the 

method of synthesis and, subsequently, the method of synthesis will have an 

influence on the toxicity of the nanoparticle. 

One of the first investigations on the biodistribution of carbon dots was reported 

by Yang et al. (2009b, 2009a). Carbon dots were found to distribute quickly into 

the whole body except the brain (Yang et al., 2009b; Tao et al., 2012). The 

majority of injected carbon dots were, subsequently, accumulated in the bladder 

and excreted through urine (Yang et al., 2009b). In combination with findings by 

Singh et al. (2006)  and Cherukuri et al. (2006) on carbon nanotubes, carbon-

based nanoparticles have a history of short half lives in the body with rapid 

elimination via reticulo-endothelial system (RES) organs. These finding were 

corroborated by Li et al. (2012b), investigating the biodistribution of carbon dots 

after intravenous injection in mice. Two findings were significantly different to 

Yang’s findings. CDs were found in the brain and more carbon dots were found 

in the spleen in particular. A study conducted by Liu et al. (2014) also found 

carbon nanotubes within the brain but did not specify an elevated aggregation of 

nanotubes in any organ. In studies using other exposure pathways, carbon dots 

showed free translocation within the body, which is due to their small size and 

high hydrophilicity (Xu et al., 2014b; Huang et al., 2013). Oberdörster et al. (2004) 

illustrated the translocation of ultrafine carbon particles after pulmonary exposure 

to the brain. Clearly, Oberdörster et al. could show that ultrafine carbon particles 

could translocate into blood circulation, cross biological barriers, and distribute 

throughout the whole body. This finding places a great emphasis on the 

relationship between particle size and biodistribution. 
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From this, it can be seen that due to the size of CDs, distribution throughout the 

body is not hindered as they are able to disseminate into almost any area of the 

body, regardless of the route of entry. In addition, no indication of 

bioaccumulation within any of the cellular or animal models used has been stated. 

Therefore, upon entry into various areas of the body, the nanoparticles are 

expelled via RES organs. 

 Neurological Toxicity of Carbon Dots 

Although biodistribution was shown by a number of studies, actual cellular toxicity 

was not clarified. Ubiquitous presence in the human body can potentially lead to 

toxicity, provided that the nanoparticle disrupts or alters the natural function of the 

surrounding cells, tissues, and organs. Various studies have reported that carbon 

nanomaterials are able to traverse the blood-brain barrier (BBB) and enter the 

brain. However, conclusive studies into the neurotoxicity of these nanomaterials 

are scarce (Yao and Zhang, 2016).  

Under normal physiological conditions, the brain is protected by the BBB from 

possible neurological infections (Sharma, 2009; Bhowmik, Khan and Ghosh, 

2015). However, the difficulty in maintaining the barrier of protection increases 

with the increase in exposure to nanomaterials. The expanding market for 

carbon-based nanomaterials will lead to increased occupational and commercial 

exposure. Additionally, utilization of carbon-based nanomaterials as carriers in 

drug delivery or for biomedical imaging purposes, specifically to the central 

nervous system,  inevitably results in increased neurological exposure (Wong et 

al., 2013; Monaco and Giugliano, 2014).  
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Qian et al. (2016) utilised CDs for the monitoring of acetylcholinesterase activity 

and its inhibition. This study exploited the physico-chemical ability of saccharide-

functionalised CDs to interact with copper (Cu2+) and fluorescence quenching 

characteristics once bound by a metal. Since nanoparticles can be produced with 

different functional groups on their surface, by modifications of surface coating, 

charge and hydrophobicity, their reactivity can be modified altering their 

interactions with the biological surroundings (Blanco, Shen and Ferrari, 2015).To 

highlight this concept, a study demonstrated that MWCNTs induced brain 

deformity in the embryo in pregnant p53+/-1 C57BL/6J mice without traversing the 

BBB. This indicated a potential genotype-dependent impact of MWCNTs on 

foetal development (Huang et al., 2014). Compared to the impact of CNTs, the 

impact of fullerene on the central nervous system is less investigated. Very few 

in vitro studies have investigated the impact of fullerenes on neural cells, and the 

main focus of those studies are to investigate the neuroprotective potential (Jin 

et al., 2000; Corona-Morales et al., 2003). Imaging neurological activity will 

greatly benefit diagnosis of degenerative disorders provided that the CDs do not 

initiate inflammation or developmental disorders. 

 Cytotoxicity of Carbon Dots 

Various literature has shown that carbon-based nanoparticles adsorb protein and 

other molecules present in serum (Barbero et al., 2017). This gives rise to a 

change in function of the nanoparticle and, potentially, interaction with other cells 

or initiating immunological responses. There is evidence that several complement 

proteins bind onto carbon nanotubes and are able to trigger the activation of 

complement system pathways and even the entire complement system 

(Andersen et al., 2013b, 2013a; Salvador-Morales et al., 2006; Pondman et al., 
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2014). There has been documented instances where carbon nanofibers are 

greater than what a phagocyte is able to manage. This results in ‘frustrated 

phagocytosis’ (Poland et al., 2008) and can lead to the release of lysosomal 

contents onto the cell surface, thereby causing tissue injury and inflammation. 

The binding of SWNTs with amino acids was shown by Georgakilas et al. (2002). 

The sidewalls of SWNTs or MWNTs were functionalized with N-protected amino 

acids. In the context of N-CDs, the toxicity based on size is an improbability due 

to all dimensions being under 10nm. However, through subsequent corona 

formation (i.e. encapsulation of N-CD via adsorption of serum proteins onto 

nanoparticle surface) within serum, N-CDs may initiate complement system 

activation resulting in inflammation or TC-cell mediated tissue damage.  

Ke and Qiao (2007) demonstrated how buckyballs (fullerene particle), a larger 

carbon nanoparticle in comparison to CDs, adsorbed shallowly inside the lipid 

bilayer. This increased the area of the lipid head adjacent to it, facilitating the 

formation of micropores. The functionalized buckyball, however, appears to 

‘pinch’ the membrane, preventing the formation of micropores. This demonstrates 

the reduced cytotoxic effect of functionalisation; however, the internalisation of 

carbon nanoparticles did not change. Furthermore, surface charge has been 

illustrated as a contributor towards nanoparticle toxicity. Cationic surfaces being 

more toxic than anionic, and neutral surfaces being most biocompatible 

(Goodman et al., 2004). Seamless entry into the cell may not result in cellular 

damage but, based on the findings of Chang et al. (2006), nanoparticle burden 

may elevate the probability of toxicity. 

Wang et al. (Wang et al., 2013d) analysed the in vivo toxicity of fluorescent CDs 

across numerous parameters; tissue and organ damage, nutrient profile, 
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physiology, immunology, etc. The study showed no noticeable toxic effect on the 

rats and mice after CD exposure nor any deficiencies. Cellular toxicity to pristine 

fullerene was found in various in vitro and ex vivo models, including human liver 

carcinoma cells (HepG2), human dermal fibroblasts, human neuronal astrocytes, 

and rat liver microsomes. The mechanisms of cytotoxicity of fullerene aggregates 

included oxidative damage and lipid bilayer peroxidation (Sera, Tokiwa and 

Miyata, 1996; Kamat et al., 1998; Sayes et al., 2005). The main method of toxicity 

exhibited by graphene oxide is via the induction of reactive oxygen species that 

lead to oxidative damage (Perrozzi, Prezioso and Ottaviano, 2015). 

Graphene oxide accumulated in the liver and lung of rats and resulted in a loss 

of body weight after intravenous injection (Kanakia et al., 2014; Luan et al., 2015). 

In comparison to pristine graphene oxide, PEG-coated graphene oxide 

significantly reduced the retention of graphene oxide in the liver, lung, and spleen. 

PEG-ylation of graphene oxide promoted clearance, minimized graphene oxide-

induced weight loss, and reduced injury to the liver and kidney (Li et al., 2014). 

Further, in vivo toxicity analyses indicated that graphene quantum dots induced 

minimal toxicity in the major organs with faster clearance via kidney. However, 

graphene oxide aggregates were accumulated in major organs, including the 

liver, spleen, and kidney, and induced abnormality (Chong et al., 2014). 

The definitive mechanism of carbon-based nanoparticle toxicity is elusive. As it 

can be seen above, many articles have insinuated toxicity, or shown mechanisms 

that could result in toxicity (biodistribution of CDs), but very few have stated that 

the nanoparticles are, inherently toxic. Furthermore, various nanoparticles have 

not been extensively investigated for toxicity (e.g. fullerenes). The N-CDs 
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investigated in this study clearly have the potential to elicit various immunological 

responses given the research on other carbon-based nanoparticles. 

2.3. Immune System and its Components 

The human body is a sensitive system, comprising of a delicate network of 

integrated components and 

subsystems working in harmony in an 

orchestra of homeostasis. Maintaining 

this homeostasis requires protection 

against foreign matter, both internally 

and externally. All the components of 

the Immune system can be categorised into 2 groups, Innate and Adaptive 

Immunity (Fig. 2). Beyond the multiple physical barriers that the human body 

possesses, the immune system exists as a line of defence against pathogens, 

diseased tissue, foreign matter, and toxins. Infections and foreign matter are 

managed and eliminated differently, depending on the nature of the agent, or 

reoccurrence of the infectious agent (Murphy and Weaver, 2016; Abbas et al., 

2018). 

 Innate Immunity 

Innate immunity is the first responder to any infectious agent entering the body. 

If pathogens are successful in circumventing barriers of the body (Fig. 3), immune 

cells are the next line of defence. Innate immunity cells are divided into several 

cell types, namely monocytes and macrophages, polymorphonuclear leukocytes 

(PMNLs), mast cells (MCs), innate lymphoid cells (ILCs), and dendritic cells 

(DCs) (Abbas et al., 2018).  

Immune 
System

Innate 
Immunity

Adaptive 
Immunity

Figure 2 The branches of the immune system. 
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Macrophages are ubiquitous 

and relatively long-surviving 

cells. They act as the first line 

of defence against infectious 

agents that have surpassed 

the physical and chemical 

barriers of the body. They 

mature from monocytes, 

which exist and function in 

bloodstream and migrate into 

tissues after which they 

differentiate (Murphy and Weaver, 2016). 

Dendritic cells, macrophages, and neutrophils are phagocytic cells. However, 

dendritic cells and macrophages are primarily antigen presenting cells (APCs). 

APCs are important because they form the bridge between innate and adaptive 

immunity. After capturing and neutralizing pathogens, APCs display the various 

pathogen antigens on their cell surface with major histocompatibility complex I 

(MHC I) or MHC II molecules.  This allows the T-lymphocytes (T-cells) to 

recognize the presented antigens through T-cell receptors (TCRs) (Murphy and 

Weaver, 2016). 

In addition to the phagocytic cells in circulation, the complement system 

enhances the functioning and response of the innate immune system. The three 

complement pathways of innate immunity are classical complement -, lectin -, 

and alternative complement pathways. Each pathway can be triggered 

independently of, and concurrently with, any of the others. Complement proteins 
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Figure 3 The Innate Immunity branch of the Immune 

System and the various subdivisions. 
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that activate the classical and lectin pathway circulate within the vascular system. 

Once in contact with foreign matter, i.e. pathogen, the proteins trigger a cascade 

of effects activating the aforementioned pathways. With regards to the alternative 

complement pathway, the proteins (C3) responsible for activation of this pathway 

undergo continuous conformational changes perpetuating the activation of this 

pathway. Subsequently, in the absence of pathogens or other foreign matter 

these proteins are inactivated to begin the cycle of self-activation again (Murphy 

and Weaver, 2016; Abbas et al., 2018).   

 Adaptive Immunity 

Adaptive immunity relies on recognition of pathogen for response and this 

recognition predominantly occurs from previous infections or antigen 

presentation. Once an 

infectious agent is being 

eliminated via innate immunity, 

antigens are presented to the 

T- and B-lymphocytes for 

production of antibodies via 

antigen-presenting cells 

(APCs) – B-lymphocyte 

activation is discussed later. 

These subsequent antibodies 

are released into circulation for 

recognition of future infections. 

What this entails is a pathogen that has infected the host previously will have 

antigen recognition. The antigen-antibody complex will signal phagocytic and 

Adaptive 
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Intracellular 
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infections

Figure 4 The Adaptive Immunity branch of the Immune 

System and the subdivisions within. 
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other immune cells to the site of infection, thus beginning the process of pathogen 

clearance (Abbas et al., 2018).  

Adaptive immunity is responsible for antigen-specific immune responses. The 

primary cells of the adaptive immune system are T-cells and B-cells, which 

recognize antigens through TCRs or B-cell receptors (BCRs), which serve 

specific purposes depending on the nature of the infection (Fig. 4). APCs activate 

and functionalize T- and B-cells for pathogen recognition (Bonilla and Oettgen, 

2010). B-cells may also be activated by the pathogens themselves without APC 

involvement. To eliminate invading pathogens efficiently and effectively, 

interactions between innate and adaptive immunity are required. 

 Cell-mediated Immunity 

Cell-mediated immunity is mediated by T-lymphocytes (T-cells) and primarily 

counteracts intracellular infections i.e. viral infections and some bacterial 

pathogens. The function of the cell-mediated immune system is to cater for the 

pathogens that exist beyond the reach of antibodies. T-cells promote the 

intracellular pathogen targeting and host cell destruction to eliminate any 

reservoirs of infection (Owen et al., 2013).  

In the thymus, T-cells undergo primary development and, once completed, enter 

the bloodstream as naïve T-cells (Murphy and Weaver, 2016). T-cells are not 

able to produce antibodies. The recognition of antigens is derived from foreign 

proteins bound to MHC molecules. Naïve T-cells differentiate once in contact with 

a protein:MHC-complex that is present on the surface of an APC (Murphy and 

Weaver, 2016). Three main categories of T-cells operate within the immune 

system; T-helper cells (TH-cells) where the function is determined by the 
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cytokines secreted, T-cytotoxic cells (TC-cells) which eliminate infected host cells, 

and T-regulator cells (TR-cells) which mainly inhibit the immune response (Abbas 

et al., 2018). The class of MHC (I and II) activates different T-cells (CD8+ and 

CD4+, respectively) (Bonilla and Oettgen, 2010). The CD4+ TH-cell will proceed 

to stimulate the B-cell for maturation and antibody production, whereas CD8+ TC-

cell stimulates the destruction of infected cells (Murphy and Weaver, 2016; Abbas 

et al., 2018). 

 Humoral Immunity 

Humoral immunity is seen as the main defence against extracellular 

microorganisms. It is mediated by antibodies that are produced by B-lymphocytes 

(B-cells). These antibodies are able to bind to non-self antigens, neutralize the 

target, and prepare the target for elimination via phagocytosis or complement 

system (Batista and Harwood, 2009).  

Manufacturing and development of B-cells originates from haemopoietic stem 

cells in bone marrow (Bonilla and Oettgen, 2010). In this region, the B-cells gain 

antigen specificity. Antibodies can be generated from any antigenic stimulus, e.g. 

polysaccharides, lipids, and other molecules. B-cells require the assistance of 

CD4+ TH-cells to respond to protein antigens. B-cells are able to generate 

antibodies against non-protein antigen without the assistance of TH-cells. 

However, the affinity of the antibody generated is not as strong (Murphy and 

Weaver, 2016). Further maturation of B-cells occurs after encountering antigens 

and are subsequently activated. Depending on the cytokine stimuli, the activated 

B-cell will either become a memory cell or a plasma cell. Antibodies bind to 

microorganisms, preventing infections, therefore neutralizing them. 
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Immunoglobulin G (IgG) antibodies target microbes for phagocytosis due to their 

binding ability onto phagocytes. IgG and IgM both have the ability to activate the 

complement system via the formation of antibody-antigen complexes, which 

results in lysis of the microbe and phagocytosis (Abbas et al., 2018).  

 Nanoparticle interaction with the Immune System 

It is well established that nanoparticles have the ability to enhance or inhibit innate 

immune responses (Boraschi, Costantino and Italiani, 2011). Thus, directing the 

polarization of TH-cells and subsequently affecting activation of the adaptive 

immune response. Is not unexpected for the innate immune system to interact 

with foreign matter of a nanoscale, considering that the monocytes and 

granulocytes are able to defend against nanosized pathogens, i.e. viruses. 

However, as some researchers have stated, the direct effect nanoparticles have 

on the immune system has been speculated but data on this is currently lacking 

(Shi, Evans and Rock, 2003; Peeters et al., 2013). Through indirect mechanisms, 

nanoparticles may exert immunosuppressive qualities, either through toxic 

inhibition (Ilinskaya and Dobrovolskaia, 2014) or down-regulation (Blank et al., 

2011; Oró et al., 2016). Conversely, immunostimulatory qualities have been 

researched and illustrated by production of cytokines and inflammation (Manke, 

Wang and Rojanasakul, 2013).  

Clearly depicted here is the paradox of nanoparticles in function. Both sides of 

immunological modulation are welcomed or a concerning occurrence, with 

respect to the required outcome. Immune suppression has the potential to be 

exploited for the benefit of disease treatment in the field of auto-immunity. 
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Whereas, immune stimulation is a benefit for medical fields i.e. vaccinations and 

cancer therapy. 

2.4. Macrophage and Complement Interaction with Nanoparticles 

 Effects of Nanoparticle Interaction on Macrophage Function 

 Characteristics and functions of Macrophages 

Macrophages, along with neutrophils, have phagocytic and pattern recognition 

abilities. The receptors expressed (Fig. 5) represent the initiating stage of 

pathogen and foreign material recognition and defence in circulatory system and 

various tissues (Murphy and Weaver, 2016). Therefore, these cells are often used 

as an in vitro model to mimic the first responses taking place upon nanoparticle 

exposure. Complement proteins aid in pathogen recognition, enhancing reaction 

time of the immune system to infection. 

Upon detection by complement proteins 

or receptors on macrophages, the foreign 

material is engulfed by the macrophage 

via phagocytosis. Phagocytosis is an 

active process where foreign material is 

at first surrounded by the membrane of a 

cell known as a phagocyte and then 

entrapped in a membrane-enclosed 

vesicle called a phagosome. Phagocytes 

also have membrane-enclosed granules 

called lysosomes containing hydrolytic 

Figure 5 Illustration of a macrophage and 

various pathogen detecting receptors on the 

cell membrane (Murphy and Weaver, 2016) 

(TLR – toll-like receptor, NOD - nucleotide-

binding oligomerization domain). 
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enzymes. The lysosomes contribute to a neutralization process by fusing into 

phagosomes to form a phagolysosome where the components of lysosomes are 

released to eliminate the potential danger (Murphy and Weaver, 2016). 

The result of pathogen associated molecular pattern recognition by pathogen 

recognition receptors (i.e. toll-like receptors (TLRs) seen in Fig. 5) depends upon 

the nature of both the responding cell (macrophage, dendritic cell) and the 

invading pathogen (bacterial, fungal, viral). However, signal transduction from 

these receptors leads toward a common cascade of signals, often including the 

activation of transcription factors, namely nuclear factor kappa-B (NF-κB) and 

activator protein-1 (AP-1) that promote the production of pro-inflammatory 

cytokines, i.e. of pro-IL-1ß, tumour necrosis factor (TNF), and IL-6 production 

(Schroder and Tschopp, 2010). Transcription and release of these cytokines has 

been seen in RAW 264.7 mouse macrophages (Zhang et al., 2012b). 

Macrophages, as described above, are the ideal bioindicator of early stage 

exposure to any form of foreign matter in the host. Furthermore, utilising RAW 

264.7 macrophages would mimic responses found similarly to human hosts, 

providing an indication of the cytokines, if any, after exposure.  

 Nanoparticle interaction with Macrophages 

The recognition of nanoparticles by macrophages could result from antibodies 

developed against a molecular pattern present after functionalisation (Verhoef et 

al., 2014), development of a protein corona within serum (Barbero et al., 2017), 

conformational change in complement proteins adsorbed onto the nanoparticle 

surface (Chen et al., 2017), or the presence of the nanoparticle itself. These 

conditions all require the immune system and other systems dedicating resources 
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towards clearing of the circulatory system. Problems arise where exposure to 

nanoparticles is coupled with pathogen infection. Upon pathogen recognition, 

macrophages may suffer loss of defence or scavenging functions. This may result 

in reduced immunological capabilities and the inability to detect or eliminate 

pathogens. Shvedova et al. (2005) observed that in a co-morbidity with SWCNT-

treated mice inoculated with Listeria monocytogenes presented with functional 

respiratory deficiencies and impaired bacterial clearance from the lungs in 

comparison to control mice. As stated earlier, nanoparticles elicit various 

modulatory effects on the immune system. It is possible that the burden of 

nanoparticle clearance, in conjunction with other physico-chemical effects elicited 

by these nanoparticles, places a burden on macrophages, resulting in 

susceptibility to infection.  

Size-dependent interaction between nanoparticles and the immune system, was 

shown by Yen et al. (2009) and Tsai et al. (2012) using macrophages. Size plays 

a role in toxicity where we can see smaller particles crossing biological barriers 

easier than larger particles of a similar nature (Mills et al., 2006; Zhang et al., 

2007; Wang et al., 2013c). However, size is not enough to conclude any form of 

toxicity as can be seen by K. Wang et al. (2013d) illustrating the biological inert 

nature of CDs even though possessing a size <10nm. Saha et al. (2016) 

discusses the uptake of NPs by immune cells through adsorption of complement 

proteins onto the surface of the NPs. As stated previously, beyond the physical 

and chemical barriers of protection designed by the human body, the first 

responder of the immune system is the innate immune system, and this is 

supported by the complement proteins.  
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 Nanoparticle interaction with the Complement Pathway 

The complement system is a proteolytic cascading pathway that is triggered via 

three independent pathways (classical, lectin and alternative) that converge to 

induce the same set of effector molecules at the third component of complement 

(C3) (Ricklin et al., 2010). C3 activation by pathway-specific C3 convertases 

forms C3b and iC3b; these species  can potentially prime the surface of a 

nanoparticle for recognition and engulfment via complement receptors on the 

surface of leukocytes and macrophages (Moghimi and Szebeni, 2003; Ricklin et 

al., 2010). The activation of the complement pathways, separately or 

simultaneously, could lead to various immunological responses such as a 

potentially life threatening inflammation or allergy (Szebeni, 2005), activation of 

adaptive immunity (Toapanta and Ross, 2006; Dunkelberger and Song, 2010), 

and pre-mature blood clearance of the NPs by immune cells (Chithrani, Ghazani 

and Chan, 2006; Merle et al., 2015). 

Various research has illustrated the interplay between NPs, protein corona, the 

modulatory effect of proteins on NP pharmacokinetics and biological action 

(Chonn, Semple and Cullis, 1992; Moghimi, Hunter and Andresen, 2012; Tenzer 

et al., 2013). There are numerous studies demonstrating the effect of isolated 

specific proteins on nanoparticle targeting (Salvati et al., 2013), immune 

recognition (Mortimer et al., 2014), and toxicity (Deng et al., 2011).  

In the process of activating the complement system, the activated complement 

proteins bind to the surface of the substance or particle of interest in a strategy 

called opsonization. Opsonization primes the particle for recognition by 

phagocytic immune cells. Of these cells, macrophages display on their surface 
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various complement receptors that recognize and engulf the particle in an attempt 

to degrade them or remove them from the circulation. Thus, the adsorption of 

activated complement proteins on NPs during complement activation could 

enhance the uptake of NPs by macrophages. In an article by Quach and Kah 

(2017), they investigated the complement activation and utilised SC5b-9 (serum 

complement proteins 5b, 6, 7 ,8, and 9), also known as membrane attack complex 

(MAC), as the marker for activation. It was determined that, even at clinically 

relevant doses (Wang et al., 2013b; Reuveni et al., 2011), production of MAC 

was detected and indicative of complement pathway activation. Furthermore, 

surface passivation with PEG, which is routinely used to reduce non-specific 

adsorption and for biocompatibility, elicited a higher SC5b-9 concentration within 

the serum in comparison to the non-PEGylated nanoparticles (Quach and Kah, 

2017).  

Bastús et al. (2009) and Park (2010) rationalised that PEGylation of NP could 

induce an anti-PEG immune response. This is corroborated later by Verhoef et 

al. (2014) and Yang and Lai (2015) identifying the existence of anti-PEG IgM. 

This finding, in combination with other similar findings (Andersen et al., 2013a) 

negates, in part, the notion that PEGylation can be utilised for biocompatibility. 

2.5. Summary statements 

This ‘cradle to grave’ approach that is suggested may require a decade to 

thoroughly describe the synthesis, exposure, uptake, transport, and disposal of 

nanoparticles (Maynard et al., 2006). The enormity of the effort required to deem 

nanoparticles safe for use should not detract from the necessity thereof. The 
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advances in nanotechnology, most importantly those related to biomedical 

application, need to be met with rigorous toxicological testing to ensure safety 

Understanding the interaction between nanomaterials and host biology, the 

pharmacokinetics and pharmacodynamics of nanomaterials, is a critical step 

towards a thorough and mechanistic understanding of the cytotoxicity of 

nanomaterials. 

CHAPTER 3 

Materials and Methodology 

3.1. Cells and Reagents 

For our study, we have utilised reagents and consumables as listed below. All 

products were purchased from Sigma Aldrich (USA), unless otherwise stated. 

Cell line: the cell line used for this study was the murine macrophage-like line 

RAW 264.7 (American Type Culture Collection (ATCC)) that was derived 

from a BALB/c mouse.  

Serum-free medium: the medium consisted of Dulbecco’s Modified Essential 

Medium (DMEM) in combination with 1% antibiotic/antimycotic, 1% 

gentamycin, and 1% glutamax. 

Complete culture medium: the medium consisted of DMEM with 10% foetal 

bovine serum (FBS) (Biowest), 1% antibiotic/antimycotic, 1% gentamycin, 

and 1% glutamax 
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NP exposure medium: this medium was used subsequent to culturing. It was 

used for the purposes of NP exposure. The medium consisted of DMEM, 

2.5% FBS, 1% glutamax, 1% gentamycin, and 1% antibiotic/antimycotic 

NP solution: the N-CDs (University of Missouri) were suspended in serum-free 

media at various concentrations (final concentrations – first phase range: 500 

– 15.625 µg.mL-1; second phase range: 100 – 3.125 µg.mL-1, third phase 

range: 25 µg.mL-1, 6.25 µg.mL-1, 0 µg.mL-1) 

Stimulant: serum-free medium was used to reconstitute lipopolysaccharide (LPS) 

to a concentration of 5 µg.mL-1. 

3.2. Cell Culture 

 Culture Growth and Maintenance 

The RAW 264.7 murine macrophage cells were cultured and maintained in 

complete DMEM medium for ~72 hours, until ~70% confluent, before 

experimentation.  

Once cells reaches 70% confluency, the cells were collected and then seeded in 

treated tissue culture plates (Nunc, Germany) at a concentration of 5x105 

cells.mL-1 in complete culture medium. Cells were then incubated at 37C and 

5% CO2 for ~24 hrs before exposure to the nanoparticles.  
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 Amine-functionalised carbon dot (N-CD) synthesis and 

characterisation 

Synthesis, functionalisation, and characterisation were performed by the 

Department of Civil and Environmental Engineering, University of Missouri, 

U.S.A. as described in Bayati et al. (2018).  

Amine-functionalised CDs (N-CDs) were fabricated following a procedure 

described by Zheng et al. (2014). The resultant N-CDs were dialyzed using a 

Biotech CE dialysis membrane (Spectrum Labs, MWCO 1.0 kDa) and, 

subsequently, freeze-dried. 

N-CDs were imaged by transmission electron microscopy (TEM) in a Tecnai F30 

Twin transmission electron microscope (FEI). TEM images were then analysed 

using the software ImageJ to obtain the particle size distribution (Schneider, 

Rasband and Eliceiri, 2012). Image analysis revealed an average particles size 

of 5.1 nm for N-CDs with size ranges between 1 to 9 nm. 

Zeta potential was measured with a ZetaSizer Nano ZS (Malvern Instruments, 

Worcestershire, UK). The surface charge, given by the zeta potential, was 6.9 ± 

0.6 mV N-CDs. 

 N-CD exposure  

Before exposure, a newly prepared stock of N-CDs (1 mg.mL-1) were sonicated 

at 30-second intervals (30 seconds sonication, 30 seconds cooling) for 10 

minutes using a tip sonicator (QSonica, LLC. Misonix sonicators, XL-200 Series, 

Lasec). The N-CDs were placed in ice for 30 seconds in alternation with the 
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sonication. After the 10 minutes, the nanoparticles were prepared at the relevant 

concentrations for exposure.  

RAW 264.7 macrophages were exposed to exponentially decreasing 

concentrations of N-CDs. Exposures were performed in three study phases to 

ascertain the immune reactivity and functional cytokine production of the RAW 

cells to varying N-CDs concentrations. 

In the first and second study phase, the cells were cultured in 24-well culture 

plates (Nunc). In the first study phase, RAW 264.7 cells were exposed to N-CDs 

at a concentration range of 0 – 500 µg.mL-1. In the second study phase, the 

concentration of N-CDs ranged from 0 – 100 µg.mL-1. The first and second study 

phase exposures were not stimulated by LPS for the respective N-CDs 

concentration ranges. In the third study phase, RAW 264.7 macrophages were 

cultured in 6-well plates, with the concentration of the N-CDs as follows:                   

0 µg.mL-1; 6.25 µg.mL-1; and 25 µg.mL-1. In the third study phase, all 

concentrations were either left unstimulated or stimulated by LPS.  For all study 

phases, the complete medium was replaced by the culture medium before pre-

exposing the cells to nanoparticles for 2 hours at 37°C and 5% CO2. After the 

incubation period, the respective wells were either stimulated with LPS (in serum 

free medium) or unstimulated with serum free medium added to them, yielding a 

final FBS concentration of 1%. All plates contained a positive control (1 µg.mL-1 

LPS, final concentration), negative control (medium without LPS nor 

nanoparticle), while the nanoparticle concentrations were unstimulated or 

stimulated by LPS for the respective phases. The final concentration of the N-

CDs during exposure was as stated earlier (first study phase: 0 – 500 µg.mL-1, 

second study phase: 0 – 100 µg.mL-1, third study phase: 0 µg.mL-1; 6.25 µg.mL-
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1; and 25 µg.mL-1). The plates were incubated overnight at 37°C and 5% CO2. 

After incubation, culture supernatants were collected for subsequent 

investigations. 

3.3. Experimental Assays 

 Cytotoxicity assay 

After incubation with NPs, the culture supernatants were collected, and the cells 

were washed using Dulbecco’s Phosphate Buffered Saline (DPBS) (Lonza) 

supplemented with 1% glutamax and 1% antibiotic/antimycotic solution. After 

washing, cytotoxicity was measured by adding 1:10 dilution of 2-(4-Iodophenyl)-

3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2-tetrazolium (WST-1) reagent (Roche) in 

serum free media into each cell culture well and incubated at 37°C for 1 hour. 

Readings were performed immediately after the addition of the WST-1 reagent 

and at the end of the incubation period. Formazan formation was determined by 

reading the plate at 450 nm (Multiskan Ex, Thermo-Electron Corporation). The 

increase in absorbance is directly proportional to formazan formation and 

therefore cell viability. 

 Determination of Nitric Oxide Production 

The nitric oxide produced by RAW 264.7 cells in response to nanoparticle 

exposure was measured in the supernatant. The amount of nitric oxide production 

was measured against a doubling dilution range from an initial 100 μM nitric oxide 

standard (Sigma-Aldrich).  

In a 96-well plate (Greiner Bio-one), 100 µl per well of the culture supernatants 

collected after NP exposure was transferred. A standard curve at 100 µl per well 
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was created by using 100 µM of Nitric Oxide (Sigma Aldrich) and performing a 

doubling dilution using deionised H2O as the diluent. The Griess reagent was 

prepared at a ratio of 1:1 of 1% sulphanilamide and 0.1% α-

naphthylethylenediamine-dihydrochloride in 2.5% phosphoric acid (Sigma-

Aldrich). To each well, 100 µl of the Griess reagent was added and incubated at 

room temperature for 15 minutes. The absorbance was read at 540 nm using a 

microplate reader (Multiskan Ex, Thermo Electron Corporation) and the amount 

of NO produced by the RAW cells quantified. 

 Determination of IL-6 Concentration by Double Antibody 

Sandwich Enzyme Linked Immunosorbent Assay (DAS-ELISA) 

The quantification of IL-6 cytokine concentration within the supernatant was 

performed using the mouse IL-6 Ready-Set-Go ELISA kits (e-Biosciences). The 

supernatants from cells that were stimulated with LPS were analysed at 1/40 (v/v) 

and the supernatants from unstimulated cells were analysed at 1/5 (v/v) using 

assay diluent. The assay was performed as per the manufacturer’s instructions 

with the reagents provided within the kit. In brief, a 96-well ELISA plate was 

coated with the IL-6 capture antibody and incubated overnight. The plate was 

washed and subsequently blocked using the kit’s blocking reagent. After 

blocking, the plate was washed again, and the IL-6 kit standard and samples 

were pipetted at the relevant concentrations. The plate was incubated for an hour 

and subsequently washed. The detection antibody provided by the kit was added 

to each well and the plate was incubated. After incubation, the plate was washed, 

and the conjugate was added to each well. The plate was incubated and 

subsequently washed. The substrate, 3,3’,5,5’-Tetramethylbenzidine (TMB) 

(ThermoFisher Scientific) was added to each well and incubated. After 
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incubation, sulfuric acid was added to stop the colorimetric reaction. The 

absorbance was read at 450 nm using a microplate reader (Multiskan Ex, Thermo 

Electron Corporation) and the amount IL-6 present in the supernatant calculated.  

 Mouse Cytokine Proteome profiling array assay 

The supernatant collected from the third study phase of cell culture was analysed 

via proteome profiling. The samples were analysed with the Proteome Profiler 

Mouse Cytokine Array Kit, Panel A (R&D Systems) as per manufacturer’s 

instructions. Briefly, array buffer 6 was pipetted into each well for the membrane. 

Each membrane was added into separate wells containing buffer and incubated 

on a rocking platform. A mixture of sample, array buffer 4, and array buffer 6 was 

made for each well. To each mixture, Mouse Cytokine Array Panel A Detection 

Antibody was added before pipetting the mixture onto the membrane. The 

membranes were incubated overnight. Each membrane and well was washed 

after incubation. To each well containing a membrane, Streptavidin-HRP was 

added and the wells were incubated. After incubation, the membranes and wells 

were washed. After binding was completed, the nitrocellulose membranes were 

exposed to TMB membrane substrate (ThermoFisher Scientific) to create a 

chromogenic reaction on the membrane identifying the cytokines present. Images 

of the membranes were taken with the UVItec Gel Doc Light Imaging system.  
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 Determination of Macrophage Inflammatory Protein (MIP)-1β, 

MIP-2, and Tumour Necrosis Factor (TNF)-α Concentration by 

Double Antibody Sandwich Enzyme Linked Immunosorbent 

Assay (DAS-ELISA) 

The protocol followed for the quantification of the three cytokines were identical 

as the kits were purchased from the same supplier. The key differences between 

the kits were the concentrations of the capture and detection antibodies, and the 

dilution of the supernatants, where necessary.  

The quantification of the three cytokine concentrations within the supernatant was 

performed using the Mouse CCL4/MIP-1β DuoSet, Mouse CXCL2/MIP-2 

DuoSet, and Mouse TNF-α DuoSet ELISA kits (R&D Systems). Supernatant from 

the unstimulated macrophages were collected and used for this assay as these 

were the exposures of interest. The assay was performed as per the 

manufacturer’s instructions with the reagents provided within the kit. In brief, a 

96-well ELISA plate was coated with the respective capture antibody and 

incubated overnight. The plate was washed and subsequently blocked using the 

kit’s blocking reagent. After blocking, the plate was washed again, and the 

relevant kit standards and samples were pipetted at the relevant concentrations. 

For the MIP-2 and TNF-α ELISA, the samples were pipetted undiluted. For the 

MIP-1β ELISA, the samples were diluted 1/100. The plate was incubated for two 

hour and subsequently washed. The detection antibody provided by the kit was 

added to each well and the plate was incubated for two hours. After incubation, 

the plate was washed, and Streptavidin-HRP was added to each well. The plate 

was incubated for 20 minutes, out of direct light, and subsequently washed. The 

substrate, 3,3’,5,5’-Tetramethylbenzidine (TMB) (ThermoFisher Scientific) was 
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added to each well and incubated for 20 minutes. After incubation, sulfuric acid 

was added to stop the colorimetric reaction. The absorbance was read at 450 nm 

using a microplate reader (Multiskan Ex, Thermo Electron Corporation) and the 

concentration of each respective cytokine was calculated. 

3.4. Statistical analysis 

All experiments were performed in triplicate and statistical analysis was executed 

using GraphPad Prism 7. A One-Way Analysis of Variance (ANOVA) was 

performed on the dataset of all three study phases and a significance of 0.05 was 

established (p < 0.05). 
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CHAPTER 4 

RESULTS 

4.1. The effects of N-CDs on the cellular viability of RAW 264.7 murine 

macrophages 

Initial experiments were performed to gain an understanding of the range of the 

N-CDs to use for detailed studies. The mitochondrial activity within the RAW 

264.7 murine macrophages using WST-1 reagent is illustrated in Figure 6. The 

concentration of exposure to the nanoparticle was plotted against the percentage 

of cellular activity in relation to the negative control (0 µg.mL-1). Macrophages 

stimulated with LPS were plotted as a positive control for the assay. In Figure 6, 

at concentrations  31.25 µg.mL-1, a significant exponential decrease (p < 

0.0001) in mitochondrial activity can be seen in comparison to the unstimulated 

control. The cells exhibited an approximate 50% decrease in mitochondrial 

activity at 31.25 µg.mL-1 N-CD and plateaued at concentrations 125 µg.mL-1, 250 

µg.mL-1, and 500 µg.mL-1 N-CDs. 

http://etd.uwc.ac.za/ 
 



47 
 

* * * *

0

7
. 8

1
2

5

1
5

. 6
2

5

3
1

. 2
5

6
2

. 5

1
2

5

2
5

0

5
0

0

L
P

S

0

5 0

1 0 0

1 5 0

C o n c e n t r a t i o n  o f  n a n o p a r t i c l e  ( u g . m l
- 1

)

M
i
t

o
c

h
o

n
d

r
i
a

l
 a

c
t
i
v

i
t

y
 (

%
 
o

f
 c

o
n

t
r

o
l
)

 

Figure 6 The effect of N-CDs on cellular activity (LPS – lipopolysaccharide). The asterix (****) 

indicates a p-value < 0.0001. 

4.2. Detailed study to determine effects of N-CDs on cytotoxicity and 

inflammatory biomarkers 

 The effects of N-CDs on the cellular activity of RAW 264.7 

murine macrophages 

From the graph illustrated below (Figure 7), a significant (p < 0.0001) decline in 

cellular activity can be seen at concentrations  25 µg.mL-1 in comparison with 

the unstimulated control (0 µg.mL-1). 
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Figure 7 The effect of amine-functionalised carbon dot exposure on cellular activity. The asterix 

(****) indicates a p-value < 0.0001. 

 The effect of N-CDs on Nitric Oxide Synthase activity 

The N-CDs had no influence on the production of NO from the RAW 264.7 cells. 

None of the concentrations illustrated in Figure 8 illicit a significant deviation in 

NO concentration in comparison to the negative control (0 µg.mL-1). 
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Figure 8 The effect of N-CDs on nitric oxide production. 

 The effect of N-CDs on Interleukin-6 (IL-6) production 

Illustrated below (Figure 9) is the effect of N-CDs on the production of IL-6. 

Notably, at the concentrations 12.5, 25, and 50 µg.mL-1, the RAW 264.7 murine 

macrophages increased production of IL-6 significantly (p < 0.0001). Whereas, at 

100 µg.mL-1, production of IL-6 decreased substantially, illustrating no significant 

difference to the negative control (0 µg.mL-1). 
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Figure 9 The effect of N-CDs on Interleukin-6 production. The asterix (****) indicates a p-value 

< 0.0001. 

4.3. Results of N-CD exposure: 0, 6.25, 25 µg.mL-1 (Study Phase 3) 

 Cytotoxic effects of N-CDs on RAW 264.7 murine macrophages 

Illustrated below in Figure 10 is the effect of the three concentrations of N-CDs 

on cellular activity in the presence and absence of LPS. When monitoring the 

cytotoxic effects of the N-CDs in the absence of LPS, at 6.25 and 25 µg.mL-1, the 

cellular activity exhibited was significantly lower (p < 0.05) in comparison to the 

negative control (0 µg.mL-1, unstimulated). Furthermore, the difference (p < 0.01) 

between the LPS-stimulated and unstimulated macrophages at the 

concentrations 6.25 and 25 µg.mL-1 can be seen. 
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Figure 10 The effect of N-CDs on cellular activity in the absence and presence of 

lipopolysaccharide. The asterix (*) indicates p-value < 0.05. 

 The effect of N-CDs on Nitric Oxide Synthase activity 

No significant difference in NO production was seen in macrophages exposed to 

N-CD in the absence of LPS stimulation in Figure 11. However, a significant 

increase in NO response (p < 0.0001) was elicited from LPS-stimulated 

macrophages exposed to 6.25 µg.mL-1 and 25 µg.mL-1 N-CDs, when compared 

to their respective N-CD exposed unstimulated control. Additionally, a significant 

decrease (p < 0.05) in NO production is illustrated between the positive control 

(0 µg.mL-1, LPS-stimulated) and macrophages exposed to 6.25 µg.mL-1 

stimulated with LPS. Furthermore, a significant decrease (p < 0.0001) is 

illustrated between the positive control and macrophages exposed to 25 µg.mL-1 

stimulated by LPS. 

http://etd.uwc.ac.za/ 
 



52 
 

0

6
. 2

5
2

5

0 . 0

0 . 4

0 . 8

6

1 1

1 6

2 1

C o n c e n t r a t i o n  o f  n a n o p a r t i c l e  ( u g . m l
- 1

)

N
i
t

r
ic

 
O

x
i
d

e
 c

o
n

c
e

n
t
r

a
t
i
o

n
 
(


M
) * * * * *

* * * *

U n s t i m u l a t e d

L P S

 

Figure 11 Effect of N-CDs on nitric oxide production in the absence and presence of 

lipopolysaccharide. 

 The effect of N-CDs on Interleukin-6 (IL-6) production 

The production of IL-6 remained unaffected (Figure 12) by the exposure to N-

CDs in both the LPS-stimulated and unstimulated macrophages when compared 

to the respective controls. The stimulated macrophages at all the concentrations, 

however, illustrated significant increase (p < 0.0001) in IL-6 secretion in 

comparison to their respective unstimulated concentration of N-CDs. 

http://etd.uwc.ac.za/ 
 



53 
 

0

6
. 2

5
2

5

0

2 0 0

4 0 0

3 0 0 0 0

4 0 0 0 0

5 0 0 0 0

C o n c e n t r a t i o n  o f  n a n o p a r t i c l e  ( u g . m l
- 1

)

I
L

-
6

 
c

o
n

c
e

n
t

r
a

t
i
o

n
 
(

p
g

.
m

l
-

1
) U n s t i m u l a t e d

L P S

 

Figure 12 The effect of N-CDs on the production of interleukin-6 in the absence and presence of 

LPS. 

4.4. The effect of N-CDs on the production of cytokines of RAW 264.7 

murine macrophages 

The image below in Figure 13 represents the cytokine secretion by RAW 264.7 

murine macrophages and detection by the proteome profiler array. The image 

illustrates cytokine production in the absence of LPS stimulation. 

 

http://etd.uwc.ac.za/ 
 



54 
 

  

Figure 13 Cytokine profile of RAW 264.7 murine macrophages, in the absence of 

lipopolysaccharide (LPS), exposed to (a) 0 µg.mL-1, (b) 6.25 µg.mL-1, and (c) 25 µg.mL-1 N-CDs. RS 

– reference spot. 
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The RAW 264.7 macrophages, 0 µg.mL-1  N-CDs (a) with no LPS stimulation 

(negative control), secreted three cytokines: soluble intercellular adhesion 

molecule-1 (sICAM-1) and two macrophage inflammatory proteins (MIP-1α, MIP-

1β), as detected by the proteome profiler array. The intensity of the dots signifying 

the levels of MIP-1β are visibly elevated when comparing 6.25 µg.mL-1 (b) to the 

negative control (a). This is potentially indicative of MIP-1β up-regulation. The 

macrophages exposed to 25 µg.mL-1 N-CDs (c) illustrated a similar intensity 

increase in MIP-1β when compared to the negative control. The dots signifying 

tumour necrosis factor (TNF)-α displayed a notable increase in intensity 

compared to (a) and (b) which did not present with TNF-α. In addition, membrane 

(c) showed presence of cytokines IL-1ra, interferon γ-induced protein-10 (IP-10), 

monocyte chemoattractant protein-1 (MCP-1), MIP-2, and “regulated upon 

activation, normal T-cell expressed and secreted” (RANTES), all of which were 

not detected in (a) or (b).  

The images below in Figure 14 represent the cytokine secretion by RAW 264.7 

murine macrophages and detection by the proteome profiler array. The images 

illustrate cytokine production in the presence of N-CDs and LPS stimulation. 
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Figure 14 Cytokine profile of RAW 264.7 murine macrophages, in the presence of LPS, exposed 

to (d) 0 µg.mL-1, (e) 6.25 µg.mL-1, and (f) 25 µg.mL-1N-CDs. RS – reference spot. 

Numerous cytokines were secreted by the RAW 264.7 murine macrophages 

under the stimulation of LPS, as can be seen by image (d) in Figure 11 

representing 0 µg.mL-1 N-CD exposure (positive control). The cytokine, 

http://etd.uwc.ac.za/ 
 



57 
 

interferon-inducible T-cell-α chemoattractant (I-TAC), was secreted by the 

positive control but is detected in neither the blots representing 6.25 (e) nor 25 

µg.mL-1 (f) N-CD exposure. In the RAW cells supernatant used on membrane (e), 

the dots representing granulocyte macrophage colony stimulating factor (GM-

CSF) can be seen more intensely than in comparison to membrane (d). IL-16 is 

only detected in this exposure concentration (e). Membrane (f), Figure 11, 

representing 25 µg.mL-1 N-CD exposure illustrates a similar intensity in GM-CSF 

compared to the positive control (membrane (d)). This is, however, a decrease in 

intensity in comparison to membrane (e). No IL-27 was detected in exposure 

concentration 25 µg.mL-1 (membrane (f)) but was present in both concentration 0 

and 6.25 µg.mL-1 N-CDs (membranes (d) and (e) respectively). IL-1ra shows a 

strong increase in intensity in comparison to membranes (d) and (e). 

Various differences in the cytokine profiles can be more visibly seen illustrated in 

Figure 15, the heatmap. It specifically highlights the presence or absence of 

cytokines within a parameter and the relative intensity. The exposure to N-CDs 

resulted in certain cytokines to be secreted and production of others to be 

inhibited when compared to the negative and positive control.  
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Figure 15 The heat map illustrates a summary of the cytokine secreted by the macrophages and 

detected by the profiler array. The illustration represents presence and absence of the various 

cytokines and an indication of intensity across the various blots. The first three rows represent 

the N-CD exposure without LPS stimulation. The subsequent three rows represent N-CD 

exposure with LPS stimulation (+ LPS). 

4.5. The quantification of various cytokines affected by N-CD exposure 

Three cytokines were identified for quantification following the completion of 

proteome profiling assay. The assessment was performed on the exposure group 

not stimulated by LPS to identify the effect of N-CDs on cytokine production 

exclusively. 
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4.6. The effect of N-CDs on Macrophage Inflammatory Protein (MIP)-1β 

production 
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Figure 16 The effect of N-CDs on the production of macrophage inflammatory protein (MIP)-1β. 

The asterix (**) indicates a a p-value < 0.005.  

Illustrated in Figure 16 is the effect of N-CDs on MIP-1β production. At the 

concentrations of 0 and 6.25 µg.mL-1, there is no significant difference in cytokine 

production. However, at 25 µg.mL-1, a significant (p < 0.005) increase in 

production can be seen when compared to both previous concentrations. 
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4.7. The effect of N-CDs on Macrophage Inflammatory Protein (MIP)-2 

production 
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Figure 17 The effect of N-CDs on the production of macrophage inflammatory protein-2. The 

asterix (***) indicates a a p-value < 0.0005. 

Similarly, in Figure 16 with MIP-1β, Figure 17 above illustrates a significant (p < 

0.0005) increase in cytokine production at the concentration 25 µg.mL-1 in 

comparison to 0 and 6.25 µg.mL-1 N-CDs.  

4.8. The effect of N-CDs on Tumour Necrosis Factor (TNF)-α production 

 

Figure 18 The effect of N-CDs on the production of macrophage inflammatory protein-2. The 

asterix (****) indicates a a p-value < 0.0001. 

The production of TNF-α, illustrated in Figure 18, is significantly (p < 0.0001) 

higher at 25 µg.mL-1 than in comparison to concentrations 0 and 6.25 µg.mL-1. A 

similar display of up-regulation were seen in Figure 16 and 17.  
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CHAPTER 5 

Discussion 

5.1. Introduction  

Extensive research has produced varied data surrounding the toxicity of 

nanoparticles. Some of the greatest variables contributing towards 

inconsistencies in toxicity studies are thorough characterising of the nanoparticle, 

including detailed synthesis methodology, and comprehensive toxicological 

analysis. Nanoparticle properties vary dependent on the synthesis method, 

starting material, and passivating agents. Further variation occurs when 

functionalisation of the nanoparticle is incorporated. Functionalisation results in 

embedding a characteristic that previously was unavailable, i.e. water solubility 

(Painuly, Bhatt and Krishnan, 2013) or enhancing a characteristic that was 

available, i.e. luminescence (Chandra et al., 2011). These characteristics allow 

the nanoparticle to behave differently compared to their macro-sized 

constituents. Due to the variability in behaviour, it is necessary to conduct more 

holistic toxicological studies. The areas of effect may be wider than anticipated.  

5.2. The effect of nanoparticle exposure on cellular viability 

Tetrazolium-based assays determine cellular activity or viability based on the 

activity of mitochondria. Mitochondria, through the electron transport chain, 

convert NADH to NAD+ and release H+. The free H+ atom binds to the tetrazolium 

salt resulting in a colorimetric reaction (Ishiyama, 1997). The intensity of the 

colour is indicative of the number of active mitochondria present and, indirectly, 
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viable cells. The functioning of mitochondria is a key determinant in cellular 

viability as mitochondrial impairment or damage is one of the strongest drivers of 

programmed cell death.  

The initial broad-range cellular viability assay was to determine the range of effect 

of the N-CDs. As it can be seen in Figure 6, the initial significant decline in cellular 

viability begins at 31.25 µg.mL-1 N-CDs in comparison to 0 µg.mL-1 (negative 

control). A dose-dependent decline in cellular activity can be seen as the 

concentration of the N-CDs increase. Notably, in the second study phase, at 

concentration 25 µg.mL-1 N-CDs marks the first significant decline in comparison 

to the negative control (Figure 7). A dose-dependent decline is also followed in 

the second cellular viability assay.  

Following the results obtained in the first two viability assay ranges, the third study 

phase comprised of 3 concentrations; 0 µg.mL-1 as a control, 6.25 µg.mL-1 as an 

indicator of low nanoparticle concentration exposure, and 25 µg.mL-1 illustrating 

nanoparticle concentration exposure with known cellular viability inhibition. In the 

third study phase in Figure 10, a significant decline in cellular activity illustrated 

at 25 µg.mL-1 N-CD was expected. However, the decline illustrated at the 

concentration of 6.25 µg.mL-1 N-CD was not expected as the data in the previous 

two study phases did not provide an indication of significant influence on cellular 

activity at this concentration. Furthermore, there was no significant difference in 

cellular activity seen when comparing the concentrations of 6.25 and 25 µg.mL-1 

N-CDs. This promotes the idea that the inhibition of cellular activity at 

concentration 6.25 µg.mL-1 N-CDs  is, potentially, similar in effect as at 25 µg.mL-

1 N-CDs. The toxicity of the nanoparticle on cellular viability could potentially 

extend beyond the concentration alone 
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Additionally, all three concentrations in the third study phase were stimulated with 

LPS, no significant difference was detected in cellular activity between any of the 

stimulated concentrations.  

The results from the cell viability assay illustrate a decline in cellular activity as 

the concentration of N-CDs increases, therefore, a dose-dependent relationship 

can be seen between cellular viability and nanoparticle concentration. The 

determination of viability of the RAW 264.7 murine macrophages via WST-1 

reagent is assessed by determining the activity of the mitochondria within the cell. 

As shown by Wang et al. (2012a), nanoparticle activity may have a damaging 

effect, specifically on the mitochondrial wall, however these damages can be 

repaired without full commitment to apoptosis. There remains the possibility that 

impairment in mitochondrial activity is reversible, depending on the nature of the 

impairment.  

5.3. The effect of nanoparticle exposure on nitric oxide production 

The determination of nitric oxide concentration is an indirect indication of 

inducible nitric oxide synthase (iNOS) activity. iNOS is an enzyme that is up-

regulated to produce nitric oxide (NO). NO is a stimulant for inflammation and 

attract monocytes and dendritic cells to the area of effect. The circumstances 

under which macrophages would express the gene for, and up-regulate the 

production of, iNOS are commonly cellular stress or metabolic damage. These 

conditions trigger NFκB to promote the expression of iNOS gene in the nucleus 

and the production of the enzyme. Identification and quantification of NO 

production is used as one of the biomarkers of inflammatory response (Bogdan, 

2001).  

http://etd.uwc.ac.za/ 
 



64 
 

Elevated levels of NO indicate proinflammatory activities in effect. No significant 

difference in NO production was determined at any of the concentrations in the 

second study phase when compared to the negative control (Figure 8). The lack 

of effect of the N-CDs on NO production is unexpected considering the effect on 

cellular viability. Cells that undergo stress up-regulate inflammatory markers to 

indicate abnormal activity (i.e. extracellular/intracellular infection, apoptosis, 

necrosis, autophagy, etc). As previously stated, NO is a marker of inflammation 

and one of the triggers of inflammation is cellular stress. The macrophages 

experiencing a decline in cellular activity, shown in Figure 7, are undergoing 

stress but there is no indication of the production of NO being up-regulated as 

would  be expected between cellular stress and NO production (Nicholson and 

Thornberry, 2003; Boscá et al., 2005). Similarly, in the third study phase it is 

shown that no influence on NO production was determined in the samples 

exposed to N-CDs and not stimulated with LPS. The macrophages that were 

exposed to N-CDs as well as stimulated by LPS did elicit a difference in NO 

production when compared to the positive control (0 µg.mL-1 with LPS 

stimulation). Cell lines exposed to 6.25 µg.mL-1 and 25 µg.mL-1 N-CDs (with LPS 

stimulation) both expressed concentrations of NO significantly lower (p < 0.05 

and p < 0.0001, respectively) than in comparison to the positive control. 

Furthermore, the macrophages exposed to 25 µg.mL-1 N-CD, and stimulated by 

LPS, produced a NO concentration that was significantly lower (p < 0.0001) than 

the exposure concentration 6.25 µg.mL-1 with LPS. This illustrates a possible 

down-regulation activity in the production of NO by N-CDs, which may give 

reason to the lack of NO production in the previous exposure groups without LPS 

stimulation. 
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As previously stated, the WST-1 assay utilizes mitochondrial activity as a basis 

for cytotoxicity. Exposure to N-CDs has been illustrated to impair or disrupt 

mitochondrial activity, therefore, inducing cytotoxicity. The inflammation and 

oxidative stress exerted may correspond with the mitochondrial damage and, 

therefore, decrease in cell viability exhibited. 

Although the effect of N-CDs on the production of NO cannot be seen when 

examining unstimulated macrophages, the modulatory effect of N-CDs are 

evident when stimulating the macrophages with LPS. The dose-dependent 

decline in NO production can be seen in the third study phase (Figure 11). The 

modulatory role on macrophages in the production of NO is similar to the effect 

exerted by the CDs functionalised with Ricin toxin subunit-B in Li et al. (2018), 

which is glycoprotein based. 

5.4. The effect of nanoparticle exposure on Interleukin (IL)-6 production 

Interleukin-6 is a major pro-inflammatory cytokine and is important for the 

maturation of B-lymphocytes into plasma cells. Among other uses, IL-6, in 

conjunction with TNF-α, aids in the development of Th22 helper cells and aids in 

wound healing (Owen et al., 2013). Therefore, it is pivotal to determine the activity 

of IL-6 during nanoparticle exposure as the cytokine is pivotal in various 

immunological events.  

From Figure 9, a significant increase (p < 0.0001) in IL-6 production is illustrated 

for cells exposed to concentrations 12.5 µg.mL-1, 25 µg.mL-1, and 50 µg.mL-1 N-

CD in comparison to the negative control. The production of IL-6 in this study 

phase can be seen as dose-dependent with the exception of exposure 

concentration 100 µg.mL-1 N-CD. At 100 µg.mL-1 N-CDs, the cellular activity was 
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significantly reduced, as seen in the second cellular viability assay (Figure 7). It 

is plausible that IL-6 production can be linked to cellular activity where, at the 

concentration of 100 µg.mL-1 N-CD, cellular activity was hindered to the point 

where there were insufficient resources to stimulate the production of IL-6.  

The exposure of RAW 264.7 macrophages to N-CDs resulted in a dose-

dependent up-regulation in a key pro-inflammatory cytokine, IL-6. The production 

of which could have been, in the higher exposure concentrations, limited by the 

cytotoxicity the cells were undergoing. In a study conducted by Sweeney et al. 

(2014), MWCNTs exhibit similar effects on primary human pulmonary alveolar 

cells, where the IL-6 production declines at higher concentration. 

5.5. Cytokine determination following nanoparticle exposure using 

proteome profiler array assay 

The proteome profiler array cytokine determination assay highlights a multitude 

of cytokines within a sample. The principle behind this assay is similar to western 

blotting. The antigen-antibody interaction occurs on a solid membrane. However 

this assay excludes separation by particle size. This interaction will result in the 

determination of the presence or absence of a cytokine using substrate as a 

staining agent on the membrane. The intensity of the dot created by the substrate 

illustrates the number of antigen-antibody complexes that exist within that region 

and, therefore, the relative concentration of the cytokine of interest. Through 

repeated measures and detailed imaging programmes, a more quantitative 

description can be made regarding cytokine concentration. For the purposes of 

this study, a single assay was performed to obtain a broad overview of the 

influence of N-CDs on RAW 264.7 murine macrophages. Due to the qualitative 

http://etd.uwc.ac.za/ 
 



67 
 

nature of this assay, definitive concentrations cannot be determined. Therefore, 

the interpretation of the blots is based on the presence and absence of cytokines 

and visible differences in intensity.  

 sICAM-1, MIP-1α, MIP-1β 

These cytokines were expressed in all exposure groups. The intensity at which 

they were expressed appeared similar excluding sICAM-1.  

It is notable that sICAM-1 showed an elevation in expression when stimulated 

with LPS in the 0 and 6.25 µg.mL-1 concentrations. At 25 µg.mL-1 concentration 

stimulated with LPS, an increase in intensity can be seen in comparison to the 

unstimulated concentration, indicating up-regulation. However, in comparison to 

0 and 6.25 µg.mL-1 with LPS, a decrease in intensity is seen. Under normal 

conditions ICAM-1 is produced at basal levels within the cell and released into 

the serum, thus becoming soluble ICAM (sICAM)-1. The production of sICAM-1 

is elevated upon stimulus i.e. TNF-α (Dembic, 2015). Highlighting the group not 

stimulated by LPS (Figure 13), at 0 as well as at 6.25 µg.mL-1 N-CD, sICAM-1 is 

present. However, at 25 µg.mL-1 N-CD, the production of sICAM-1 is down-

regulated in comparison to the previous two concentrations. This down-regulation 

occurred in the presence of TNF-α, previously mentioned as an up-regulator of 

sICAM-1 production (Witkowska and Borawska, 2004; Dembic, 2015).  Although 

LPS does induce an increase in sICAM-1 production, seen by the positive control, 

the stimulation in conjunction with 25 µg.mL-1 N-CDs did not elicit a synergistic or 

an additive production of sICAM-1. It is possible that the production of ICAM-1 

was hindered, therefore, indirectly reducing sICAM-1, the cleavage of membrane 

bound ICAM-1 was inhibited, or that sICAM-1 bound to a receptor (i.e. 
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lymphocyte function-associated antigen (LFA)-1) that was up-regulated causing 

a decline in detectable sICAM-1 (Witkowska and Borawska, 2004).  

MIP-1α expressed a uniform down-regulation in all the groups stimulated with 

LPS in comparison to the exposure group absent of LPS. No visible differences 

could be seen across the nanoparticle concentration groups in neither the absent 

or present of LPS. It is unclear from the proteome profiler array whether or not N-

CD exposure had any influence on MIP-1α production since the assay is not 

primarily designed for quantification. 

In the exposure group absent of LPS, MIP-1β illustrates an up-regulation at both 

6.25 and 25 µg.mL-1 N-CD concentrations when compared to the negative 

control. This could indicate that the presence of N-CDs, at concentrations as low 

as 6.25 µg.mL-1, is able to stimulate up-regulation. In the exposure group 

stimulated with LPS, there was no visible difference between any of the 

nanoparticle concentrations. However, at concentrations 6.25 and 25 µg.mL-1, 

the group stimulated by LPS illustrated a lower intensity on the membrane, when 

compared to the same respective concentrations absent of LPS, indicating down-

regulation in MIP-1β production. Although, it appears that N-CDs stimulate 

cytokine production, the presence of LPS counteracts the stimulation. 

 IL-1-ra, IP-10, MCP-1, MIP-2, RANTES, TNF-α 

The aforementioned cytokines are expressed in all the exposure groups 

stimulated by LPS and at the concentration 25 µg.mL-1 N-CDs in the absence of 

LPS.  

It is evident that exposure to N-CDs at 25 µg.mL-1 has the ability to elicit a 

proinflammatory response in macrophages without the need for LPS, but, 
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additionally, result in the down-regulation of various cytokines used to promote 

inflammation. Neither of the known proinflammatory cytokines, IL-1α and IL-1β, 

were detected by the assay. However, IL-1ra was detected. More specifically, at 

25 µg.mL-1 N-CD in the presence of LPS, IL-1ra presented higher than at any of 

the other concentration exposures. IL-1ra acts as a cytokine mimic preventing or 

inhibiting inflammation via IL-1 pathway (Owen et al., 2013). The down-regulation 

of proinflammatory cytokines combined with the up-regulation of 

immunomodulatory cytokines promotes the idea that the macrophages are trying 

to control inflammation caused by the presence or effects of the nanoparticle.  

No visible difference could be seen in the intensity of IP-10 across all the 

membranes. The nanoparticle concentration at 25 µg.mL-1 in the absence of LPS 

sufficiently stimulated the production of IP-10 to a similar extent as LPS, 

comparing to the positive control. The chemokine, IP-10, is a biomarker of 

inflammation as it is secreted to localise monocytes, leukocytes, and other cells 

of the immune system. It further promotes inflammation at the site of effect (Luster 

and Ravetch, 1987; Taub et al., 1993). The production of IP-10 can be stimulated 

by factors other than IFN-γ, namely; LPS, IFN-α/β, and TNF-α (Sarris et al., 

1997). The expression of TNF-α in the exposure group 25 µg.mL-1 in the absence 

of LPS could provide a reason for the presence of IP-10. 

Individually, MCP-1, MIP-2, RANTES, and TNF-α were expressed at similar 

intensities across the exposure groups stimulated with LPS. It illustrates a 

possible uniform stimulation by LPS for the different cytokines across the 

nanoparticle concentration. The difference that is notable is the increase in 

intensity between the exposure groups at 25 µg.mL-1 N-CDs without LPS and 

with LPS across the four cytokines mentioned.  
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MCP-1 is a chemoattractant that promotes inflammation and attracts monocytes 

to the point of interest (Dembic, 2015). Down-regulation of this cytokine would 

inhibit the pro-inflammatory effect of this cytokine, which coincides with the up-

regulation of the pro-inflammatory inhibitor, IL-1ra. MCP-1 production is 

stimulated by TNF-α, therefore, with the lowered intensity appearance of the 

TNF-α at 25 µg.mL-1 with LPS, it is reasonable to for MCP-1 to decline in the 

same exposure group. 

The production of RANTES is generally observed under conditions of infection 

i.e. bacterial or viral infections (Melchjorsen et al., 2002; Yoshida et al., 2007). It 

would be expected for the production of RANTES to occur for all exposure 

conditions exposed to LPS as it is a compound present in bacterial cell walls. 

What is seen is the presence of RANTES at concentration 25 µg.mL-1 N-CD in 

the absence of LPS, indicating that the nanoparticle is able to elicit a response 

similar to LPS or an infectious agent. 

 G-CSF, GM-CSF, IL-6 

These cytokines were exclusively expressed in the exposure group stimulated by 

LPS.  

Both G-CSF and IL-6 illustrated similar expressions across nanoparticle 

exposure concentrations. This indicates no visible effect of nanoparticle 

concentration on the expression of these two cytokines. From the first study 

phase, it was expected that IL-6 would be present at 25 µg.mL-1 N-CDs in the 

absence of LPS but, in both the third study phase IL-6 ELISA and further 

confirmed in proteome profiler array, IL-6 was not detected in any unstimulated 

groups. 
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Within the group stimulated by LPS, GM-CSF showed up-regulation in 

expression at 6.25 µg.mL-1 whereas, the positive control and 25 µg.mL-1 showed 

similar levels of expression. It can be reasoned that at 0 µg.mL-1 N-CDs, LPS 

stimulates the production of GM-CSF, however, at 25 µg.mL-1 N-CDs, the toxicity 

of the nanoparticle inhibited the production of GM-CSF.  

 IL-16, IL-27, I-TAC 

These cytokines were neither consistently expressed in any specific exposure 

group, nor were they uniformly triggered by the presence or absence of the 

stimulant (LPS). One consistent factor is apparent, none of these cytokines 

appeared in the exposure group absent of LPS.  

IL-16 is a cytokine used in the recruitment of lymphocytes to promulgate 

inflammation (Cruikshank and Center, 1982; Lynch et al., 2003; McFadden et al., 

2007). It was detected at a low intensity at concentration 6.25 µg.mL-1 N-CD in 

the presence of LPS. This was the only exposure group that expressed IL-16. It 

could be reasoned that neither N-CDs nor LPS, individually, are able to stimulate 

IL-16 production. At 25 µg.mL-1 N-CD in the presence of LPS, there was no visible 

appearance of IL-16, indicating possible inhibition of IL-16 production at higher 

nanoparticle concentrations. 

IL-27 is used as an immunomodulatory cytokine, promoting or inhibiting 

inflammation depending on the requirement (Hunter, 2005). LPS is a known 

stimulator of IL-27 production (Kastelein, Hunter and Cua, 2007), however, it was 

only found at concentrations 0 and 6.25 µg.mL-1 N-CD in the presence of LPS at 

similar intensities. At 25 µg.mL-1 N-CDs in the presence of LPS, no visible 
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indication of IL-27 was detected. It could be reasoned that at high concentrations, 

N-CDs are able to inhibit the production of IL-27.  

I-TAC was only detected in the positive control, 0 µg.mL-1 N-CDs. I-TAC 

production is stimulated by the presence of interferon-γ (IFN-γ), as its name 

implies (Interferon-inducible) (Dembic, 2015). However, IFN-γ was not detected 

on any of the membranes, especially the positive control. It is possible that the 

production of I-TAC may have been stimulated in the absence of IFN-γ by the 

nanoparticle, or that a different cytokine from the interferon family (IFN-α, β) 

elicited the production of these cytokines (Cole et al., 1998) but is not detectable 

via the proteome profiler array assay.  

It has been well established that the expression of iNOS is up-regulated by 

various stimuli, namely TNF-α, IL-6, LPS, and bacterial and viral components. 

Taking into consideration the results obtained concerning NO production, in the 

heat map (Figure 15), it can be seen that the production of TNF-α and IL-6 has 

been up-regulated in all the exposure concentrations stimulated with LPS. The 

concentration of both TNF-α and IL-6 were visibly similar across the membranes. 

However, a significant difference in NO production can be seen in these exposure 

concentrations. Throughout the N-CD exposures, the production of NO is 

impaired in comparison to the control. It is evident that stimulation via LPS, in 

fact, elevated the production of NO in comparison to the exposure concentrations 

without LPS. What is not clear is the location of interference of the nanoparticle 

on the NO pathway. The nanoparticle, N-CD, may not necessarily induce NO 

production, but it does play a role in inhibiting up-regulation. The possibilities of 

effects range from inhibiting the activation of NF-κB to interference on iNOS 

converting L-arginine to NO and citrulline (MacMicking, Xie and Nathan, 1997). 
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The absence of complement protein C5a, which is integrated into the proteome 

array membrane, highlights that none of the complement pathways (classic, 

lectin, alternative) were activated to the extent where C5a would be produced. 

The activation of the pathway may have been hindered at any stage prior to C5-

convertase production, therefore, C5 would not be cleaved into C5a and C5b 

(Owen et al., 2013; Murphy and Weaver, 2016; Abbas et al., 2018). It is evident, 

though, that the complement pathways are not active contributors in immune 

modulation of N-CDs. 

The absence of IFN-γ from the membranes is also worth noting, especially in light 

of the presence of cytokines that are, traditionally, stimulated by IFN-γ. This is a  

cytokine that is typically present in conditions of cellular stress and inflammation 

and is one of the key pro-inflammatory biomarkers. A number of factors could 

have contributed to the absence of IFN-γ in the assay. The first being that the 

production of the cytokine was not stimulated due to the lack of necessity 

(negative and positive control). The cytokine production may have been inhibited 

by the presence of the nanoparticle (6.25, and 25 µg.mL-1 N-CDs in the absence 

of LPS) though it may have been necessary. Alternatively, presence of IFN-γ was 

short-lived and as a time-lapse study was not conducted, the cytokine would not 

be detected. The importance of IFN-γ in inflammation is for mobilisation of 

immune cells to the area of concern. If the production of IFN-γ is being inhibited 

by the nanoparticle, it may pose problems for immune defence when a host is 

presented with co-morbidities. 
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5.6. The effect of nanoparticle exposure on MIP-1β, MIP-2, TNF-α 

production 

The basis of this study is to identify a cytokine profile that could indicate 

nanoparticle exposure. To investigate this, exposure groups that were not 

stimulated by LPS were analysed further. From these exposure groups, three 

cytokines, known for being hallmarks of inflammation were selected for further 

investigation and quantification. Performing an ELISA for MIP-1β, MIP-2, and 

TNF-α served as a confirmation of the significant differences in effect of N-CD 

exposure on murine macrophages.  

Although MIP-1β presented at much higher concentrations compared to MIP-2 

and TNF-α, the pattern of up-regulation at 25 µg.mL-1 N-CDs across the three 

figures (13, 14, and 15) remained constant. The significant up-regulation in these 

inflammatory markers matches the decline in cellular activity that was seen 

throughout the various study phases, indicating that the macrophages are 

undergoing cellular stress. Collectively, the decline in cellular activity and the up-

regulation of various cytokines provides a possible foundation for early detection 

of nanoparticle exposure.  

Further analysis into mode of action of the nanoparticle is required. This will aid 

in characterising safer nanoparticles for the future and provide foresight into 

alternative assay possibilities for diagnostics. 

Previous literature utilizes concentrations ranging from 5 to 200 µg.mL-1 N-CDs 

(Jiang et al., 2015a, 2013; Dai, Zambrana and Fidalgo, 2016; Wang et al., 2017; 

Arul and Sethuraman, 2018; Kundu et al., 2018) for cytotoxicity and imaging 

studies. Up until now, no clinical testing has been performed using N-CDs for bio-
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imaging or diagnostic purposes. Therefore, it cannot yet be ascertained what 

would be classified as a clinically relevant dosage. Based on previous research 

utilising various forms of N-CDs for imaging, the concentrations used in this study 

fall within the ranges used. Characterising the previously mentioned studies as 

the benchmark on which clinical trials will be based, further research would be 

needed prior to clinical trials to mitigate any adverse immunological response. 

Aspects of investigation should include the variability of functionalisation with an 

amine or multiple amine groups (Dong et al., 2012; Liu et al., 2012), detailed 

synthesis methodology, and resultant electrochemistry. Through the 

determination of these aforementioned factors, pharmacokinetics and 

pharmacodynamics of the amine-functionalised carbon dots will be achieved, 

specifically detailing the interaction between this category of nanoparticle and 

monocyte or dendritic cell lines. These cell lines represent the first line of defence 

against infection and foreign materials and are considered a representation of the 

immune response. Fully characterizing the interaction between N-CDs and 

macrophages would provide an idea of what is to be expected under various 

exposure conditions in vivo.  

The discovery of the carbon dot gave rise to a safer alternative to bioimaging and 

diagnostics. Its more toxic predecessor, IQDs or metal-based QDs, possessed 

many benefits in relation to their size and functionality. The weakness in these 

QDs were their metal core, which elicited the production of free radicals in 

numerous cell lines (Hoshino et al., 2004a; Chang et al., 2006) among other 

toxicological effects (Hardman, 2006). The accidental discovery of CDs provided 

the opportunity for safer imaging, with a wider range of utilization in comparison 

to QDs. This, however, did not come without its own set of hindrances. Discussed 
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in Chapter 2, the various toxicological effects CDs potentially possess is highly 

dependent on the method of synthesis and subsequent functionalisation, which 

in turn affect their size, chemical composition, and electrochemical state, among 

other factors. These factors, independently or collectively, provide CDs with the 

ability to elicit adverse effects on the immune system (Zhang et al., 2012b; 

Donaldson et al., 2006; Aillon et al., 2009; Christensen, Sun and Juzenas, 2011). 

However, research is predominantly focused on the wide array of applications 

and other benefits in the field of medical sciences, and few studies emphasize 

thorough investigations on the toxicity of CDs (Wang et al., 2013d). In Wang’s 

study, a systematic approach was taken in an attempt to identify numerous areas 

of toxicological impact of the nanoparticle namely; body weight, organ and tissue 

alteration, and serum biochemistry. No toxicity was observed in any of the 

parameters regarding the carbon-based nanoparticle in question. The disparity in 

research between application and toxicity of CDs has given rise to a bias towards 

assuming inherent safety of CDs due to lack of evidence or conflicting findings.  

As stated earlier in this discussion, the mode of action of N-CDs is not defined by 

the proteome array assay but the resultant effects have been illustrated. 

Identifying the overarching areas where the effect of N-CDs is prevalent is the 

first step in nanoparticle pharmacodynamics. These results will become 

hallmarks by which focus studies can be conducted determining specific modes 

of action or interaction of N-CDs. 
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CHAPTER 6 

Conclusion 

Nanoparticles are known to interfere in various cellular functions and metabolic 

activities. From this study, the effect that N-CDs exhibited on the production of 

various cytokines produced by RAW 264.7 murine macrophages could be 

illustrated. The presence of N-CDs has played a significant role in altering the 

immunological activity, both in the absence and presence of LPS. In the various 

experimental conditions, presence and absence of cytokine production was 

illustrated as well as up- and down-regulation of other cytokines. The variation of 

the influence that the nanoparticle exerted was further illustrated when comparing 

the LPS-unstimulated group with the LPS-stimulated group in that the 

nanoparticle displayed both synergistic and antagonistic stimulatory qualities in 

the production of immunomodulatory cytokines.  

To comprehensively assess the impact of the nanoparticles on cellular viability, it 

would be prudent to analyse specific markers namely; cell wall integrity, 

mitochondrial damage, DNA damage, biomarkers of apoptosis. Identifying the 

various paths to metabolic inhibition or cell death would be  the first step in  a 

pharmacodynamics study. Furthermore, the path, or paths, influenced by the 

presence of the nanoparticle triggers the stimulation or inhibition of cytokines 

linked to that path. This, in turn, highlights focal areas for further analyses 

detailing nanoparticle influence. 

The proteome profiler array assay is an ideal screening tool for the purpose of 

highlighting cytokines of importance. As such, it should be one of the primary 
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assays conducted to direct the focus of future studies. The cytokines detected by 

the assay are not exhaustive and the assay does not provide quantitative data on 

the up- or down-regulation of cytokines detected. It would be prudent to perform 

the same analysis on human cell model and quantify the profile of cytokines 

detected via  quantification assays; i.e. ELISAs. 

The shortfall in the proteome profiling assay is the causal link of nanoparticle 

exposure. It is not clear whether the N-CDs agglomerate or aggregate 

beforehand and trigger receptors to up-regulate or down-regulate the production 

of cytokines, or if macrophages are responding to the presence of N-CDs that 

resembled a viral particle and, therefore, stimulate chemokine production to 

promote inflammation. This can be investigated through imaging of the cells after 

exposure identifying nanoparticle formation. Alternatively, the nanoparticles can 

be resuspended in  the medium in which the cells would be cultured to identify 

any adsorption onto the surface of the nanoparticle by any proteins within the 

medium. The mechanism by which the nanoparticle enters the cell (e.g. 

engulfment, carrier-protein mediated, passively traversing the membrane), and 

the mechanism behind triggering an immune response are factors to be 

determined.  

The findings in this study are the preliminary stages in directing investigation into 

nanoparticle influence on the immune system. As it can be seen, the results 

navigate towards numerous facets, namely anti-inflammatory activity under 

stimulatory conditions and possible pro-inflammatory activity under unstimulated 

cellular activity. This raises the question of a difference of  influence the 

nanoparticle exposure may have when faced with a co-morbidity. The activation 

of interferon-activated cytokines in the absence of interferon-γ highlights the 
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possibility of alternative mechanisms of activation of these cytokines by the 

nanoparticles. This highlights another avenue of investigation; influence on gene 

expression. 

The biomedical benefits of using N-CDs are inexhaustive, but this should not 

preclude the necessity for extensive investigation into their safe usage. Illustrated 

in this study is evidence that N-CDs have immunological influence. It is imperative 

to determine the method of this influence and, as far as possible, make use of 

this ability or mitigate it. 
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