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Abstract 

The study was set out to explore the synthesis of Carbon Nanodots (CDs) and their 

potential in practical applications in lighting, sensing and biological areas. Toxicity 

evaluation was also involved in the investigation, because of its profound importance in 

the real-world applications of CDs.  

The study sought to answer the following questions: 1) how does the photoluminescence 

change when we vary the surface functional moieties and change the chemical 

compositions by doping? 2) For light applications, are the CDs stable enough under the 

operational conditions? If not, how to improve their stability? 3) How to impart sensing 

capabilities to CDs through surface design? 4) Are CDs really non-toxic? How does their 

toxicity change when surface functional groups vary?  

Through a series of studies, namely 1) salt-encapsulation for enhancing UV- and 

thermostability; 2) Transparent, yellow-emitting CD films for white light LEDs; 3) 

Amine-rich CDs for sensing amphetamine precursors; 4) Biocompatible CDs exhibiting 

antiproliferative activities, I have demonstrated that the emission of the CDs are 

controllable by modifying the particles surface moieties, and the excitation dependency of 

the emission can be refined by either fractionation or purification. Despite of what is 

often reported about the toxicity of CDs, the toxicity of the CDs depends on the surface 

functional groups of CDs and the biological entities. However, the toxicity of the CDs 

may be utilized as a therapeutic purpose. Further demonstration on the lighting and 

sensing may project the bright future of carbon based nanoparticles as an excellent 

candidate for these applications. 
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Chapter 1 Introduction and Literature Review 

Introduction 

Nanotechnology is currently described as an emerging technology that will have profound 

social impact. Hence, it will revolutionize approaches to imminent social and geopolitical 

issues including global healthcare, environmental management and control, security and 

sustainability concerns. Recently considerable media attention has demonstrated the 

potential of nanotechnology to the public in applications such as energy-efficient 

lighting,1 sensing2 and biotechnology.3 Unfortunately, not all of the advances arising from 

nanotechnology will be benign. Any new technology may produce unintended effects that 

can adversely impact our daily life. It is possible that the societal impact of 

nanotechnology may be larger than what we are currently speculating based on recent lab 

based test results which are assessed under a controlled environment4. For instance, 

nanoparticles for LEDs as solid state lighting devices are bringing an enormous social 

impact by reducing power consumed and decreasing corresponding global carbon 

emissions.5 Recently, cadmium based quantum dots (QDs) have demonstrated effective 

colour conversion in LEDs6 and it is expected to see commercial products soon. 

However, due to their intrinsic toxicity and potential environmental hazards, their safety 

in consumer products remains elusive.7 Consequently, these new types of nanomaterials 

must be investigated carefully for any negative effects.  

Alternatively, Carbon Nanodots (CDs) have been demonstrated their superior 

biocompatibility and lower toxicity, in contrast with the QDs.8 Consequently, the use of 

CDs in LEDs, sensing and biological applications has become of significant interest 

amongst researchers. Whilst there are several reports outlining the benign nature of CDs 

in biological environments, majority of the current literature has reported toxicity on a 
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specific cell line as a toxicity model and none of the current literature has reported 

comprehensive toxicity study results.9 

In this work, studies on carbon nanoparticles, synthesized with carbon based precursors, 

were conducted in order to minimize the apprehension of the effects on the environment 

and toxicity may be originated from the QDs and their heavy metal based materials. 

Furthermore, it is essential to understand their physiochemical and optical properties in 

order to tailor the CDs for their specific applications. Therefore, the properties of the CDs 

were studied extensively via various spectroscopic techniques in both solution and solid 

for the better understandings of the CDs. Finally, a broad range of toxicity studies on the 

CDs were conducted on not only various cell lines but other biological entities including 

brine shrimps, bacteria and plants, aiming at comprehensive understandings of their 

toxicity and toxic effects may originated from the CDs.  

Chapter 3 was aimed at a CD based sensing platform for a detection of illicit drug 

precursors. The sensing platform, in Chapter 3, demonstrated a simpler and cheaper way 

to detect analytes at the point of testing, in contrast with traditional methods including gas 

chromatography/mass spectrometry.10 In Chapter 2 and 4, studies were focused on the 

CDs applications in light emitting diodes (LEDs), their PL emission control, solid state 

PL emission and PL emission stability designed for LED applications. Further toxicity 

studies were conducted in order to elucidate toxic effects may by caused by the CDs. In 

Chapter 5, toxicity of the CDs was assessed by multiple biological entities. The 

preliminary results indicated that CDs are not necessarily nontoxic. Further investigation 

on the toxicity of the prepared CDs toward reference cell, specific cancer cells were 

conducted. The results indicated that the CDs possess antiproliferative properties on 

specific cells which may indicate further application as an antiproliferative imaging agent.  
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Literature Review 

Carbon nanodots 

Nano-sized luminescent CDs are surface passivated carbon based nanoparticles which are 

typically less than 10 nm in diameter. They are considered as a new class of nanomaterial 

that can replace semiconductor based QDs. This is attributable to their tunable emission 

spectra, chemical inertness and low toxicity.8-10 CDs have been demonstrated that they 

have an excellent optical performance and superiority in low toxicity in various studies. 

As an emerging material, CDs have attracted significant research attention in recent years 

as evidenced by the exponentially increasing publications in this field. Although, a few 

studies reported that CDs could be an excellent candidate for replacing QDs, further 

understandings of the precise PL emission mechanism, chemistry of the surface moieties 

and their corresponding controls are yet remaining challenges.  

Typically, CDs contain oxidized moieties such as carboxyl on their surface. Therefore, 

they have excellent water solubility and the suitability for further functionalization with 

other molecules or biological species. CDs usually have greater sp2 characteristics which 

is similar to nanocrystalline graphite and Raman data usually have both G and D band 

which correspond to in-plane vibration of sp2 carbon and sp3 defects respectively. The 

ratio of the Raman intensities (ID/IG) of these bands also usually correlate well with 

nanocrystalline graphite.8-10 

CDs characteristically display strong optical absorption in the UV region, with an 

absorption shoulder or tail extending out into the visible range. One of the most 

distinctive features of CDs is their PL emission. In most of the published reports, one 

common feature of the PL from CDs is the excitation dependence on their PL emission 

wavelength and intensity.8, 9 The precise mechanisms of the unique PL properties are still 
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a matter of debate. The plausible explanation includes quantum effect (differently sized 

nanoparticles) and/or different emissive traps on the CDs’ surface.12-15 Likewise, the 

relationship between the surface passivation and the PL emission is poorly understood. 

Moreover, the synthetic strategies appear to be linked to the PL emission regardless of the 

surface passivation.  

In contrast to CDs, researches in semiconductor based QDs has been conducted for more 

than 30 years in the area of cell imaging, chemical sensing, lighting, photovoltaics and 

display devices. Furthermore, commercialized QDs products for cell imaging, lighting, 

photovoltaics and display devices are already available in the market. Owing to the 

benefits of QDs, raised from improved efficiency, in the areas of lighting, display and 

energy harvesting. However, most of these QDs are produced with cadmium and the use 

of cadmium in household electronics are currently under Restriction of Hazardous 

Substances Directive (RoHS) Compliance. Therefore, it is still not clear that QDs can be 

the best candidates for such applications. Due to the intrinsic toxicity of QDs from their 

core material which is originated from free Cd2+ ions, it is inconclusive that QDs can be 

used widely in the biomedical areas. Moreover, Studies have shown that they are 

significantly toxic therefore bare QDs are not widely used for live cell imaging purpose.  

On the contrary, many reports have suggested that CDs can be a safe alternative to QDs 

due to their benign nature as reported in a few in vitro and in vivo studies.9, 12 Therefore, 

they have huge potentials as a new class of PL material for practical applications.9 

Consequently, reports on various CD synthetic strategies and their applications in 

sensing, biological and lighting applications have been increasing recently, especially in 

the area of biological applications. 
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Synthetic approaches and properties of carbon nanodots 

The synthesis of CDs can be differentiated by the synthetic pathways which can be 

categorize into top-down and bottom-up approaches. The synthetic approaches and 

materials govern the properties of the CDs including their physiochemical and optical 

properties such as particle size, surface functional groups, dopants and PL emission. The 

top-down approaches rely on reducing the size of the starting materials produced by arc 

discharge,11 laser ablation,12 electrochemical oxidation13 and plasma treatment.14 The 

bottom-up strategies are based on growing CDs from precursors by burning the 

precursors under controlled environment in order to produce the CDs. The common ways 

of the bottom-up approaches includes pyrolysis,15, 16 hydrothermal pyrolysis,18 microwave 

pyrolysis.19  

Top-down produced CDs and their properties 

The earliest research was conducted by Xu et al. whilst purifying single-walled carbon 

nanotubes (SWNTs) fabricated by arc-discharge methods via gel electrophoresis.11 

During the purification of the SWCNTs by gel electrophoresis, two different 

nanoparticles were isolated from the arc-discharge soot suspension oxidized with HNO3 

which are tubular carbon and fluorescent nanoparticles which dubbed as CDs. AFM 

analysis indicated that the particles are around 18 nm and FTIR characterization indicated 

a presence of carboxyl and absence of polyaromatic carbons. Elemental analysis 

displayed highly oxidized carbon at C, 53.93%; H, 2.56%; N, 1.20%; and O, 40.33%. PL 

emission showed broad spectrum from blue to orange depending on the fractions.  

The first research for purposely obtaining CDs was performed by Sun et al. via laser 

ablation on graphite.12 The crude sample showed nanoparticles in agglomerated forms 

hence it further oxidized by 3 M HNO3. The samples initially showed no detectable 

photoluminescence however, upon passivating with amine terminated molecules such as 
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poly(ethylene glycol) and poly(propionylethyleneimine-co-ethyleneimine), they displayed 

PL emission. The photoluminescence upon the surface passivation suggested that the 

emission is attributed to the presence of surface energy traps that become emissive. TEM 

and AFM analysis confirmed that the particles are around 5 nm and PL emission was 

excitation dependent. The study also confirmed that the larger particles (30-50 nm) could 

be photoluminescent with much less intensity, compared to the smaller particles upon the 

passivation by the same amine terminated molecules. Consequently, it was anticipated 

that higher quantum yield could be achieved by using smaller particles.  

Zhao et al. produced CDs via electrochemically oxidizing a graphite electrode in 0.1 M 

NaH2PO4 solution.13 The resulting dark brown solution after the oxidation was processed 

through centrifuge and ultra-filtration at different molecular weight cut-off. They 

fractionated the samples into 4 different fractions and the 2 largest fractions showed no 

PL emission while the smallest fraction and the middle fraction showed blue and yellow 

PL emission respectively, indicating the emission was size dependent. However, their 

electrochemically produced samples displayed excitation independent emission. The size 

of the particles was measured at 1.9 and 3.2 nm corresponding to the smallest and the 

middle fraction. The stability of PL emission was stable at a high ionic strength (2 M 

KCl) and under a prolonged exposure to Xe lamp (6 hr). It furthermore displayed that the 

particles were benign against 293T human kidney cells up to 400 µg of the particles in 

100 µL cell medium.  

Liu et al. demonstrated a chemical break-down of candle soot via acid treatment.14 The 

samples were prepared by collecting candle soot from smouldering candles. The collected 

soot was refluxed by 5 M HNO3 in order to break down into nanoparticles. The crude 

sample suspension was then neutralized and separated by electrophoresis. The crude 

sample was fractionated into fluorescence material, non-fluorescent materials and 
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agglomerates. The fluorescent materials could be divided by 9 bands which were 

differentiated by their PL emission colour from violet to red corresponded to their 

mobility. The fast-moving nanoparticles fluoresced at shorter wavelengths while the 

slow-moving ones exhibited their PL emission at longer wavelengths. However, it was 

unclear the dependency on PL emissions is from either the size or the surface charge of 

the particles since electrophoretic separations were employed for the fractionation. 

Atomic force microscopy (AFM) characterization revealed that the particles are around 1 

nm with a distribution between 0.5 and 1.5 nm. Elemental analysis indicated a large 

amount of oxygen at 45 % and Fourier transform infra-red (FTIR) further confirmed a 

large amount of hydroxyl and carbonyl. 13CNMR observed no sp3 carbon which were 

hardly possible due to the harsh oxidative acid treatment for the sample preparation. 

Considering the monodispersed particle size and the chemical structures of the sample 

particles, the different PL emission was likely originated from the difference in the 

surface charge existed on the particle surface.  

Bottom-up produced CDs and their properties 

CDs synthesized by bottom-up methods have gained significant attention because of the 

superior flexibility, scalability and improved optical performance in contrast with the top-

down methods. Most of the CDs reported showed strong optical absorption in UV region 

and PL emission was usually broad. Since the bottom-up methods generally require no 

post surface treatment, they were regarded as facile methods for producing carbon based 

PL nanoparticles. Moreover, it was found that the properties of CDs including particle 

size, surface functionality and PL emission could be controlled by the selection of the 

starting materials, solvents and synthesis conditions.  

The bottom-up synthetic methods were initiated by Bourlinos et al. by pyrolysing amine 

containing precursors such as ammonium citrate and aminoantipyrine.15 The thermal 
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carbonization of the precursor presented was relatively simple in contrast with the top-

down methods since it directly leads to surface-passivated CDs with controlled surface 

properties via the selection of the precursors and passivation modifier.  The particles 

produced via the one-step pyrolysis method were monodispersed with sizes less than 10 

nm. The CDs were dispersible in various solvents depending on the nature of the surface 

modifier. The one-step thermal decomposition of different ammonium citrate salts 

resulted in either hydrophilic or lipophilic CDs. XRD results showed peaks consistent 

with highly disordered carbon and densely packed alkyl chains for the lipophilic CDs. 

The particles produced by ammonium citrate salts were near spherical at round 7 nm in 

diameter. The calcination of 4-aminoantipyrine also produced globular to rectangular 

shape particles at around 9 nm. The XRD analysis revealed highly disordered carbon with 

densely packed phenyl groups. All of the CDs showed excitation dependant PL emission 

and they all could be exited throughout the visible spectrum. 

Krysmann et al. studied formation and PL mechanism of CDs produced by pyrolysing 

citric acid (CA) and ethanolamine (EA) at various pyrolysis temperature (180, 230 and 

300 °C).16 Pyrolysis at 180 °C leads to molecular agglomerates with a strong PL emission 

originated from dehydrated mixture of CA–EA. The PL emission was excitation 

independent with the PL emission peak fixed at 450 nm. At 230 °C, a carbogenic core 

started forming and the PL was due to the presence of both molecular agglomerates and 

the CD core. The PL emission displayed 2 distinctive peaks at 450 nm and 525 nm which 

could be originated from the molecular agglomerates and the CD core respectively. CDs 

obtained at 300 °C showed excitation dependent PL emission. This was mostly PL 

emission arising from carbogenic cores. Transmission electron microscopy (TEM) 

characterization further confirmed that no nanoparticles were formed at 180 °C. However, 

the particles in the other 2 samples were able to detect under TEM. Further chemical 
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analysis by FTIR, XPS and NMR established that during pyrolysis, the molecular 

agglomerates were firstly formed followed by providing building blocks for the CD core. 

Therefore, the PL emission corresponded to the carbogenic core which increases at the 

expenses of the component that arises from the molecular agglomerates. 

Wang et al. demonstrated photoluminescent solid CDs by using one-pot synthesized 

organosilane-functionalized CDs via pyrolysis of citric acid in N-(β-aminoethyl)-γ-

aminopropyl methyldimethoxy silane.17 The synthetic strategy was simple but effective 

for producing highly luminescent CDs and quantum yield was recorded at 47 %. AFM 

and Diffusion-ordered spectroscopy (DOSY) characterization confirmed that the particles 

were 1.4 nm in diameter. FTIR and Nuclear magnetic resonance (NMR) spectroscopy 

further confirmed the functionalization of organosilane via amide bond on the surface of 

the CDs. PL emission displayed strong emission upon UV excitation and the CDs could 

be excited at blue spectral range. The PL emission peaks from UV excitation were at 

around 450 nm and the PL emission was excitation dependent. Due to the functional 

groups existed on the surface of the CDs, the CDs could be directly fabricated into a 

fluorescent film or monolith. The CDs were further fabricated into silica-encapsulated 

nanoparticles via Stober process and they showed a good biocompatibility on human 

gastric carcinoma cells (BGC823), murine hepatoma cells (H22), and rat glioma cells 

(C6).  

Yang et al. produced amino-functionalized CDs by a one-step hydrothermal carbonization 

of chitosan at 180 °C.18 They hypothesized that the formation of CDs and the surface 

functionalization took place simultaneously during the hydrothermal carbonization 

process. Due to the abundant functional groups existed on the surface including amine 

and carboxyl, defects were induced on the surface. The PL emission of the CDs was 

excitation dependent which resulted from the radiative recombination of the excitons 
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trapped by the defects on the surface. The presence of the particles was confirmed by 

TEM, AFM and DLS and the data correlated well each other at ~5 nm. XRD and Raman 

characterization revealed the amorphous nature of the CDs. Chemical analysis by FTIR 

and XPS confirmed the existence of hydroxyl, amine and carboxyl functional groups. The 

elemental analysis indicated that the amount of carbon was increased upon the 

hydrothermal carbonization of chitosan, which was mainly due to the loss of oxygen and 

hydrogen in the dehydration process. The sample CDs’ toxicity was assessed against 

human lung adenocarcinoma cells (A549) and the CDs demonstrated no significant toxic 

effects. The confocal images showed that the CDs could be easily penetrated into the cell 

but did not enter the nuclei. 

Zhu at al. reported a simple microwave pyrolysis approach to synthesize CDs by using 

polyethylene glycol 200 (PEG-200) and saccharide in water.19 two different samples were 

prepared by differentiating the reaction time. Both sample showed excitation dependent 

emission properties. However, the sample made at the longer reaction time (Sample B) 

displayed red-shifted PL emission compared to the sample from the shorter reaction time 

(Sample A). The difference in their PL emission was likely due to the difference in the 

particle sizes which were measured at 2.8 nm for Sample A and 3.6 nm for Sample B by 

TEM. XRD further revealed the amorphous nature of the particles. XPS and FTIR 

characterization indicated that CDs mainly consist of carbon, oxygen and functional 

groups including hydroxyl and carboxyl. The PL lifetime recorded at of 8.70 ± 0.05 ns. 

The short PL lifetime indicated the radiative recombination nature of excitations. 

Additionally, the PL emission peaks of both samples shifted to longer wavelengths with 

increasing excitation wavelength. These reflected not only effects from particles of 

different sizes but also a considerable distribution of emissive trap sites on each CDs. 
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Chemical sensing applications of carbon nanodots 

Due to CDs’ surface functional groups and their PL emission, originated from the surface 

states, CDs have attracted considerable interests in sensing. Recently, doped carbon 

nanodots synthesized by bottom up methods have been researched extensively due to the 

simplicity in preparation and significant improvement in optical performance. As a 

consequence of doped CDs’ versatility, they have been studied for wide range of 

applications including biological imaging, light harvesting and solid state lighting. They 

have particular appeal in sensing applications, where they exhibit highly sensitive 

responses to target chemicals arising from their controllable surface functional groups and 

high quantum yields. Sensitive detections of various metal ions,20, 21 glucose,22, 23 

biothiols,24 chlorine,25 pentachlorophenol,26 nitrite27 and norfloxacin,28 have been 

successfully demonstrated.   

Shi et al. demonstrated a colorimetric method for glucose determination in serum by 

using their CDs produced from 5 M HNO3 treated candle soot.22 The sensing mechanisms 

involve catalytically oxidize 3,3′,5,5′-tetramethylbenzidine (TMB) by H2O2 to produce a 

colour reaction in the sensing system. They evaluated the peroxidase-like activity of the 

CDs on peroxidase substrates (TMB) in the presence of H2O2. The CDs could catalyse the 

oxidation of the sensing substrates by H2O2 in NaAc buffer which produces the typical 

colour reaction. The further tests without the CDs such as TMB–H2O2 and CDs–TMB 

displayed much less sensitivity compared to CDs–TMB–H2O2 system. This concluded 

that the catalytic effect was related to the CDs. This was further supported by the results 

of an experiment where ethylenediaminetetraacetic acid (EDTA) was added to the 

reaction solution. The addition of EDTA at concentrations up to 1 mM did not change the 

catalytic activity of the CDs. These results confirmed that the C-Dots exhibited 

peroxidase-like activity toward TMB. They hypothesized that the nature of peroxidase-
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like activities of the CDs may be originated from their catalytic ability to H2O2 reduction 

which were confirmed by near-infrared spectroscopy (NIR). The NIR absorbance 

intensity of the two major bands at 968 nm and 1152 nm decreased by increasing of both 

the reaction time and H2O2 concentration. This indicated that H2O2 withdrew electrons 

from the CDs by charge transfer. The absorbance at 652 nm was proportional to H2O2 

concentration from 0.0010–0.10 mM with a detection limit of 0.2 μM. When the sensing 

was assessed with glucose oxidase, the results indicated the linear range for glucose was 

from 0.0010 to 0.50 mM and the detection limit was 0.4 μM.  

Similar to the research by Shi et al., Liu et al. demonstrated a peroxidase-like activity 

from their nitrogen doped CDs.23 The CDs displayed peroxidase-like activity which could 

catalyse the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) by H2O2 and they 

successfully applied as peroxidase mimetics for the colorimetric detection of H2O2 and 

glucose. They observed colour changes by the addition of CDs into TMB and H2O2 

solution whilst the TMB solution in the absence and presence of H2O2 exhibited no colour 

change. Furthermore, the addition of CDs into TMB solution gives no colour change in 

the absence of H2O2. Although, there is no plausible explanation of the working 

mechanisms in the report, this observation was likely due to the increase in the electron 

density and mobility in the CDs. This is attributable to the electron transfer from lone-pair 

electrons in TMB amino groups to the CDs’ carboxyl/carbonyl moieties on the surface. 

The CDs showed the variable absorbance at 653 nm depending on the concentration of 

H2O2. The intensity of the absorption increased with by increasing H2O2 concentration 

from 0 μM to 1 mM. The linear detection range was estimated to be from 1 μM to 100 

μM at the detection limit of 0.4 μM. The test against glucose oxidase, the absorbance 

displayed dependency on the concentration of glucose, revealing of the absorption 

increased by increasing glucose concentration from 1 μM to 1 mM. The linear detection 
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range was estimated to be from 1 μM to 5 μM with a detection limit of 0.5 μM. The 

sensing platform furthermore showed an excellent selectivity for glucose, in comparison 

with fructose, lactose, and maltose. 

Qu et al. demonstrated biothiol sensing platform by using pre-quenched CDs by Hg2+ ions 

followed by recovery of the PL emission via biothiols.24 They utilized the PL mechanism 

of CDs since PL emission of CDs arises from the radiative recombination of excitons. On 

the other hand, Hg2+ can quench the emission due to facilitating non-radiative 

electron/hole recombination annihilation through an effective electron transfer process. 

The mercury free CDs showed strong PL emission. However, the emission of CDs was 

quenched significantly in the presence of Hg2+ through the charge transfer process. Due to 

the strong binding preference of biothiols toward Hg2+ by forming an Hg2+–S bond, Hg2+ 

was removed from the surface of the CDs followed by the recovery of PL. The tests were 

performed on various biothiols including cysteine (Cys), homocysteine (Hcy) and 

glutathione (GSH). Upon addition of Cys to the CDs/Hg2+, the PL of CDs was recovered 

immediately and the recovery of PL was proportional to Cys concentration in the range 

from 0.01–5 μM with a detection limit of 4.9 nM. In addition, HCy and GSH displayed a 

linear range of 0.01–5 μM and their detection limits were 6.1 and 8.5 nM respectively. 

The control experiment without Hg2+ revealed that the PL intensity of the pure CDs 

showed a negligible change in the presence of biothiols supporting their hypothesis which 

was the PL recovery of CDs/Hg2+ solution was actually attributable to the formation of 

Hg2+–S between Hg2+ and biothiols. 

Dong et al. demonstrated sensing of chlorine in drinking water via CDs PL emission 

quenching upon the introduction of free chlorine.25 Free chlorines were found to be able 

to destroy the passivated surface of the CDs resulting in significant quenching of their PL 

emission. The CD solution emitted bright blue PL emission at 365 nm excitation 
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however, the intensity was significantly reduced at 80% of the initial intensity upon the 

addition of the free chlorine. No noticeable change in the UV absorption (at 362 nm) was 

observed and the zeta potential of the CDs decreased from −20.9 to −41.2 mV when 20 

μM free chlorine was added into the CD solution, indicating the surface states of the CDs 

changed after the addition of free chlorine. The linear response range of free chlorine was 

from 0.05 to 10 μM and the detection limit was as low as 0.05 μM. 

Li et al. demonstrated a sensing of pentachlorophenol (PCP) by using CDs made from 

activated carbon via HNO3 oxidation and the CDs’ electrogenerated chemiluminescence 

(ECL).26 The CDs showed voltage dependent chemiluminescence (ECL) in the presence 

of the coreactant S2O8
2−. Under the scanning potential of −1.2 to 0.5 V, PCP reacted with 

the excited CDs, resulting in a decrease in ECL. The detection of trace level PCP was 

consequently achieved using the CDs and Pt working electrode. Under the optimal 

conditions, a detection limit of 1.3 × 10−9 mg L−1 was achieved with a linear range of 10 

pg L−1 to 1.0 μg L−1. However, the PCP detected by the CDs in water from a river showed 

increased amount compared to the results from GC which is likely that unknown 

interferents existing in river water lead to a positive deviation.  

Lin et al. utilized chemiluminescent (CL) property of microwave synthesized CDs for a 

detection of nitrite in the presence of peroxynitrous acid.27 In order to optimize the CL 

conditions, mixing of NaNO2 and H2O2 in the presence of the CDs was performed which 

resulted in very strong CL. On the contrary, other combinations of NaNO2 and H2O2 only 

carried out in weak CL, indicating the role of CDs in a liquid-phase CL reaction. The CL 

emission of CDs–NaNO2–H2O2 CL system displayed the maximum CL spectrum at 520 

nm with a wide spectral range of 400–600 nm. The wide spectral emission was similar to 

PL emission of the CDs. Hence, it was rationalized that CL emission could be attributed 

to the various surface energy traps that existed on the CDs. Moreover, the CL spectrum 
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showed a red-shift in comparison with the PL emission. Thus, the red-shift was likely 

resulted from the smaller energy separations of the CDs surface states for CL emission, 

compared to the energy of the PL emission. The sensing of nitrite was performed by 

mixing of nitrite and acidified H2O2 / NaNO2 resulting in increased CL intensity. The CL 

intensity showed a linear relationship based on the nitrite concentration in the range from 

1.0 × 10–7 M to 1.0 × 10–5 M with a detection limit of 5.3 × 10–8 M. The protocol was 

applied to the determination of nitrites in pond water, river water and pure milk and the 

results showed a good agreement with a standard method.  

Yang et al. demonstrated a convenient and sensitive sensing method of norfloxacin 

(NOR), a synthetic chemotherapeutic antibacterial agent which has been widely used in 

human and veterinary medicine, over a wide concentration range by using glucose 

derived CDs.28 The PL emission intensity was increased upon the introduction of NOR. 

They hypothesized that the enhancement of PL from NOR was a result of binding of 

NOR onto the surface of the CDs since the majority of the surface functional groups was 

hydrophilic groups whilst NOR had C–F, C O, C–N and COOH groups. When NOR was 

introduced to the CDs, strong hydrogen-bond interactions would be formed, resulting 

strong hydrogen-bonds between the CDs and NOR. Thus, fluorescence enhancement 

could be achieved by adding more functional groups on the surface of the CDs. Their 

label-free fluorescent probes were capable of the rapid and sensitive detection of NOR 

over a wide concentration range since the PL intensity gradually enhanced with increase 

in the NOR concentration. The detection range was determined between 1.33 × 10−8 mol 

L−1 to 2 × 10−5 mol L−1 with a limit of 1.33 × 10−8 mol L−1 at pH 5.9. When the pH of was 

7.4, the detection limit 3.8 × 10−8 mol L−1 and the range was from 3.8 × 10−8 mol L−1 to 1 

× 10−4 mol L−1.  
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Lighting applications of carbon nanodots 

Since there are huge demands for light emitting diodes (LEDs) as an energy saving 

alternative for traditional light source, CDs have demonstrated large potentials in both 

phosphors in GaN LEDs29-31 and electroluminescence materials in optoelectronic 

devices.32, 33 Between these 2 different approaches, Phosphor-LED fabrication approach, 

which typically consists of an UV or blue light emitting GaN LED chip combined with 

coatings of colour-converting phosphors, is the cheaper and easier way to produce LEDs. 

Due to no direct charge carrier injection involved in the system, hence less stringent 

requirement in fabrication. Although, the use of phosphors is already commercialized, the 

traditional phosphors are utilized for the excitation wavelength of bare fluorescence 

lamps at 253 nm and they are synthesized with expensive raw materials at high reaction 

temperatures over 1000°C. Recently, QDs have demonstrated effective colour conversion 

in LEDs however, due to their intrinsic toxicity and potential environmental hazards, their 

practical applications may be limited. Therefore, there has been a huge demand for 

developing new phosphors, especially designed for LEDs. Possessing wide range light 

absorption with a peak typically at 360 nm and a multicolor emission feature, CDs appear 

to be a promising candidate as a LED phosphor for LED fabrication approaches. A few 

studies have been carried out to employ solid state CDs as the phosphor for UV or blue 

LEDs, demonstrating its effectiveness in colour conversion.  

Guo el al. demonstrated various types of CD phosphor based LEDs by using CDs from 

pyrolyzed photonic crystals (epoxy enriched polystyrene). The CDs could produce blue, 

orange and white emissions depending on the pyrolysis temperature.29 They speculated 

that the different PL emission of the CDs was due to the functional groups existed on the 

CDs. The difference in the functional groups could cause the structural defects helping to 

generate energy traps that emit light when stimulated. They further examined by an 
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electron spin resonance spectroscopy which revealed that the CDs had a considerable 

distribution of defect sites generated by free radicals. Therefore, it was suggested that the 

pyrolytic formation of different polyaromatic fluorophores and surface defects contribute 

to the PL of CDs. Furthermore, the white emitting CDs displayed a larger size 

distribution, hence the effects from the particles of different sizes in the CDs along with 

different emissive sites on each CD resulted in white emission. The LEDs were fabricated 

by mixing the solid CDs with silicone on 370 nm LED chips. The emission from the LED 

showed a large red shift along with broadening of the emission spectrum compare to 

those in solution which was a result of aggregated CDs in solid matrix which effect on the 

efficiency of the LED.  

Kwon et al. have demonstrated a CD based LED by fabricating luminescent films from 

polymer derived CDs and acrylic glass.30 The CDs were prepared by the emulsion-

templated carbonization of polyacrylamide. The sample CDs displayed well-developed 

graphitic structure and narrow size distribution. The CDs could be able to fabricated into 

a large freestanding films by encapsulating the CDs into a poly(methyl methacrylate) 

matrix which provided not only mechanical support but better dispersion of the CDs, 

preventing solid-state quenching. The CD containing film shows white light with a broad 

emission spectrum with a peak at 560 nm upon UV-LED excitation (400 nm) which was 

not observed from the solution samples, suggesting reabsorption effects where the 

emission peak shifted from 420 nm (solution) to 560 nm (solid). Moreover, the highest 

emission intensity of the CD samples was at 360nm excitation which was noticeably 

lower than GaN UV-LEDs’ wavelength. Therefore, it was hard to conclude that the 

efficiency of the LED was maximized by their CDs in order to produce white light.  

Chen et al. reported yellow emitting CDs from pyrolyzed N-acetylcysteine and the 

highest PL emission was at 530nm from 460nm excitation which is optimized for blue 
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LEDs emission31. The LEDs were fabricated by encapsulating the solid CDs in epoxy 

based resin in order to encapsulate the CDs on top of the blue GaN LED chips (460 nm). 

Although, the LED containing the CD displayed white light, the emission peak from the 

LED is approximately 600 nm. The 70 nm discrepancy between solution and solid 

samples at the same excitation was conceivably a result of reabsorption effect in a highly 

concentrated matrix. Therefore, it was inconclusive that the efficiency of the LED is 

maximized. 

CDs also have shown possibilities in electroluminescence materials in optoelectronic 

devices by adopting OLED structures. Wang et al. reported for the first time an 

incorporation of CDs in an OLED structure by using oil soluble 1-hexadecylamine 

passivated CDs reported previously.32 The CDs displayed white light emission when it 

was operated at 9V. The architecture of the device produced maintained tri-layer EL 

devices adopted from QD EL devices. 40 nm thick poly(3,4-ethylenedioxythiophene) :

poly(styrenesulfonate) (PEDOT : PSS) was used as the buffer layer on the anode in order 

to increase the anode work function from 4.7 eV (ITO) to 5.0 eV followed by a spun-

coating of 20 nm thick CDs as an emissive layer. 40 nm thick 1,3,5-tris(N-

phenylbenzimidazol-2-yl) benzene (TPBI) was used as the electron-transport layer (ETL) 

which was utilized for confining the injected electrons and holes to predominantly 

recombine within the emitting layer which provides optimal hole- and electron-

transportation. Finally, 1 nm thick LiF and 120 nm thick Al electrodes were deposited by 

thermal evaporation. The device recorded maximum external quantum efficiency at 

0.08% at the current density of 5 mA cm−2. The Commission International d’Eclairage 

(CIE) coordinates of (0.40, 0.43) with a colour-rendering index (CRI) of 82 which was 

independent of the driving voltage.  
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Zhang et al. further demonstrated CD based EL devices by using the same oil soluble 1-

hexadecylamine passivated CDs33 which is reported by Wang et al.34 Their devices 

contained a CD layer as an emissive layer which was sandwiched between an organic 

hole transport layer and an organic/inorganic electron transport layer fabricated by a 

solution-based process. The emission could be tuned by tuning the device structure and 

the injecting current density. The changes in the emission by the current density changes 

were explained by the CDs different emission states based on the observations from the 

PL emission and lifetime measurement which displayed multiple emissive states with 

distinct energy levels (centered on 420, 460, and 580 nm). In the case of EL, electrons 

and holes were injected from the charge injection layers into the emissive layer (CD 

layer) and only specific type of states would be excited. The energy state at short lifetime 

(420 nm) will be very readily depopulated. Consequently, the carriers would be injected 

into the energy state with short lifetime due to this fast relaxation at low current density. 

On the other hand, when the current density was increased, the highly populated high 

energy state could also provide the low energy states. Thus, the emission from these 

levels becomes more significant alongside the direct relaxation from the 420 nm state. 

Consequently, the emission of the EL devices was controlled by modifying the structures 

of the devices for controlling the current density rather than controlling the current alone. 

By increasing the thickness of LiF layer, the devices displayed blue colour emission at 

turn-on voltage of 5 V. In contrast, in order to provide a high current injection for 

emitting white light, inorganic ZnO nanoparticles were used as electron transporting layer 

replacing 1,3,5-tris(N-phenylbenzimidazol-2-yl) benzene (TPBI). The devices exhibited 

white light at turn-on voltages of 4.6 V suggesting that electrons and holes could be 

injected into the CD emitting layer at lower driving voltages. 
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Toxicity of carbon nanodots 

The biomedical application relies on a comprehensive understanding on the potential 

adverse effects of the materials in a biological entity, particularly in human, which is 

currently unavailable. In order to progress toward bioimaging and disease diagnostics, 

biocompatibility of the materials has to be assessed including genotoxicity, cytotoxicity 

and bioaccumulation. However, CDs are considered as a promising candidate for a 

number of reasons including: 

1. CDs do not contain any toxic elements such as heavy metal ions eliminating the 

toxicity concerns for staining and imaging live organisms with CDs 

2. Similar to QDs, CDs are photostable and resistant to photobleaching 

3. CDs possess a comparable emission wavelength tunability to QDs. 

 

Diagram 1. Characterization of Nanoparticles for Biomedical Applications4, 35-38  
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A number of researches performed in order to evaluate toxic effects in various types of 

cells and biological entities. There are numerous variations on the studies however, none 

of the studies reported a significant toxic effect caused by CDs. This also supports an 
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excellent biocompatibility in contrast with QDs and further projects a promising 

forthcoming for application in the biomedical areas. 

General Approaches to Studies of Nanoparticles 

Nanotechnology offers us a huge potential to transform areas including biomedical, 

sensing and lighting. Especially the biomedical areas, our understanding of the biological 

and physicochemical properties is vital for developing nanomaterial for more efficient 

potency and specificity along with decreased side effects. A practical procedure of 

nanomaterial characterization for biomedical applications typically includes three 

essential stages which are 1. physicochemical characterization, 2. in vitro and 3. in vivo 

studies. Diagram 1 summarize the stages of characterization and toxicity assessment 

methods and Table 1 summarizes analytical techniques involved with engineered 

nanoparticles. 
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Table 1. Nanomaterial Characterization Methods37, 39-45 

Instrument SEM TEM AFM Confocal DLS Zeta Potential Spectroscopy 
Elemental 

Analysis 

Characterizati

on types 

· Particle Size 

Distribution 

· Shape 

 

· Particle Size 

Distribution 

· Shape 

 

· Particle Size 

· Distribution 

· Shape 

 

· Binding of 

fluorescent 

particles 

· Particle Size  

· Distribution 

· Surface charge 

&  distribution 

· Dispersion 

conditions 

· Functionality 

· Purity 

· Structure 

· Fluorescence 

 

· Purity 

· Homogeneity 

· Element 

composition/rat

io 

Pros · Good resolution 

· Good imaging 

· Better  resolution 

than SEM 

· Good imaging 

· Good resolution 

· 3D imaging 

· Wet & Dry 

samples  

· Good for 

Fluorescent 

particles 

· Non-invasive 

sample 

preparation and 

imaging 

· Reliable data 

collection 

· Ensemble 

method 

· Non-invasive 

measurement 

· Reliable data 

collection 

· Ensemble 

method 

· Simple sample 

preparation 

· Non-destructive 

and quick 

measurement 

 

· Various type of 

results  

· Highly accurate 

result for purity 

analysis 

Cons · Sample 

preparation  

· Vacuum 

· No biological 

samples w/o 

cryo 

· Sample 

preparation  

· Vacuum 

· No biological 

samples w/o cryo 

· Limited to 

surface 

morphology 

· Time 

consuming 

· Limited to 

micron scale 

· Limited to mono-

dispersed 

samples & non-

fluorescent 

samples 

· Require extra 

work for 

measuring  

small or poorly 

scattering 

particles 

· Sample 

restrictions 

depending on 

spectroscopy 

type 

· Time 

consuming & 

destructive 

measurement 

· Limited to 

certain 

elements 
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Physicochemical property characterization 

The physicochemical properties of nanoparticles are keys to understanding their cellular 

uptake, access to targets and capability to cause damage to cells and tissue.4 For 

traditional drugs such as small molecules, the methodologies involved with 

characterization have been well established and standardized to define their properties 

such as molecular weight, chemical composition, purity, solubility and stability.38 These 

properties can be measured by elemental analysis, spectrometry and chromatography and 

these techniques can be applied to nanoparticles.37 However, due to the complex nature of 

photoluminescent nanoparticles (QDs, CDs), further characterizations are essential for 

better understanding. 

Nanoparticles have a large difference in both physical and chemical properties and these 

properties effect on the biological activity of nanoparticles. The bioactivity may depend 

on parameters such as particle size, shape, aggregation state, size distribution, surface 

area, charge and functionality. Moreover, most of engineered nanoparticles such as QDs 

have multiple functionalities including targeting, imaging and therapeutic components 

that can effect on biological activity. There are also a number of researches emphasizing 

that particle size and surface functionalization can dramatically affect nanoparticle 

behaviour in biological systems. Therefore, standardized methods to define these 

nanoparticles have to be established.  

Traditional analysis methods such as spectroscopy, chromatography and microscopy are 

widely used by a number of nanomaterial researches. Especially a combination of UV-vis 

and fluorescent spectrometry is a key technique for identifying nanoparticles photo 

luminescent characterization. NMR is also used to characterize polymers and fullerenes 

derivatives. NMR also provides information on the structure, purity and functionality. 
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FTIR spectroscopy can be also used for characterizing nanoparticles’ structure and 

functionality since analysis of the functional components is critical to understand the 

efficacy. 

Microscopy is one of the most important characterization methods since the particle size 

is the critical parameter for biomedical applications. TEM is generally selected as it is 

regarded more powerful than SEM in providing details at smaller scale. Furthermore, 

TEM provides information on the crystal structure, quality and size. Although, TEM 

provides more details, SEM is also used for characterizing size distribution, shape and 

density of nanoparticles.39, 41 Both SEM and TEM can be coupled with other tools such as 

EDS are commonly utilized in order to acquire additional information on the elemental 

composition. AFM is also popular techniques as it provides information on the particle 

size and topography. Unlike EM techniques, it does not require extreme conditions such 

as high vacuum and high electron energy. Therefore, it can be used for measuring both 

dry and aqueous state samples. AFM is suitable instrument to probe the interaction of 

nanoparticles with supported lipid bilayers and this technique has been used successfully 

to compare nanoparticle interactions in in vitro cell assays.46-48 Confocal microscopy is 

also a common technique since these nanoparticles are readily photoluminescent. By 

utilizing the nanoparticles’ photoluminescence and confocal microscopy techniques, 

optical properties can be studied including PL emission, reflection and absorption.42, 49, 50 

However, further analysis of particle size and other properties will be required as there’s a 

theoretical resolution limit of 200nm. 

Size of the particles is one of the most important parameters of nanoparticles for 

biomedical applications since it controls the absorption, distribution and elimination 

within a biological system. Small particles with less than 10 nm diameter are promptly 

cleared after administration whilst large particles (lager than 100 nm) are usually remain 
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for extended times within a biological system.51-53 Due to the variability in the 

manufacturing process, most of the nanoparticles are rarely monodisperse and 

homogeneous. Therefore, it is essential to identify particle size, size distribution and 

polydispersity index of biomedical nanoparticles.4, 38, 54 There are techniques available for 

assessment of these parameters including Electron microscopy (EM), atomic force 

microscopy (AFM) and dynamic light scattering (DLS).38-41 DLS techniques can be used 

for measuring overall particle size distribution as well as dispersity. In order to customize 

these particles as biomedical applicable nanoparticles, it is essential to characterize the 

nanoparticles at various conditions such as pH and temperature. DLS which measures 

fluctuations in scattered light intensity providing hydrodynamic size under these 

conditions. However, it may be applicable for some nanoparticles which absorbs in the 

wavelength of the light source being used.  

Zeta potential analysis provides information on net charge and distribution under 

physiological conditions. This surface characteristic is related to nanoparticles’ solubility, 

aggregation tendency, biocompatibility and ability to travel through biological barriers. 

Nanoparticles’ surface is also responsible for interaction and binding with various 

proteins. One particular research conducted by Malik et al. shows that positively charged 

amine groups on their surface can be more cytotoxic than negatively charged 

carboxylates. The negatively charged nanoparticles were cleared slowly from the blood 

compared to positively charged particles.55  

Nanoparticles, especially QDs, for biomedical applications may contain several of both 

organic and inorganic materials. Most of these nanoparticles combine two or more of 

these materials in order to form core-shell, encapsulated or conjugated particles.4, 47, 56-59 

Therefore, chemical composition analysis will be crucial for ensuring the purity and 

homogeneity of nanoparticles. Elemental analysis such as CHN analysis is a widely used 
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method for small molecules. Elemental analysis can be utilized to determine the 

composition and ratios of different elements in the sample.  

Due to the complex structures and functionality of the nanoparticles for biomedical 

applications, the stability of all components in nanoparticles is essential to their biological 

function. For example, QDs in vivo applications have raised issues involved with highly 

toxic heavy metal cadmium ions into bloodstream.4, 60, 61 Even though QD shells have 

been engineered to provide protective layers, their long term stability data is not yet 

available. Furthermore, the stability of these QDs under non-physiological conditions has 

to be taken into account for other variations such as storage, handling, environment and 

safety.  

In vitro assessment 

Compared to cost and labour intensive in vivo studies, in vitro studies efficiently provide 

preliminary information on nanoparticles’ efficacy and toxicity. Generally, in vitro 

studies are regarded as an essential adjunct to in vivo studies since they allow specific 

biological pathways to be assessed under controlled conditions. Living organisms consist 

of extremely complex functional systems hence, it is virtually impossible to analyse all 

components in biological systems. Therefore, in vitro studies allow focusing on a limited 

number of components. Common examples of in vitro studies are multicellular 

organisms, subcellular components, their extracts and purified molecules. 

There are a number of well-established protocols for assessing biocompatibility of a new 

type of molecular such as analyses of chemical components. However, these testing 

protocols are not tailored for these engineered nanoparticles. Therefore, they require 

further standardization for effective and reliable assessment of the effects on biologic 

systems. One important consideration is including at least one of each positive and 
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negative control particle samples for standardizing against particles of known toxicity 

(e.g. standard crystalline silica, TiO2).44 It is also important that impact of dose matric 

should be evaluated in relation to samples’ toxicity and other responses. Other factors 

such as sample preparation and experimental conditions (e.g. sonication) should be 

included on the interpretation of results.4, 44, 62 Since there is an enormous likelihood that 

most of in vitro studies of nanoparticles will not be identical, the standardization of the 

variables will make data collected more compatible and comparable.47 

Table 2. Cytotoxicity causes and effects by nanoparticles62-64 

 Cause Effect 

Cell 

Proliferation 

and nuclear 

effects 

Characteristic morphological changes 

which inhibit from cell proliferation is 

depends on structure and function of all 

vital cell process 

Nuclear condensation, 

shrinkage and fragmentation 

Cell 

membrane 

Effects 

Cell membrane disruption by energy 

and ion homeostasis are compromised 

at the level of disruption 

Leakage of cellular contents 

into the extracellular space or 

influx of extracellular dyes 

Mitochondrial 

Effects 

Mitochondrial function inhibition by 

drugs (e.g. Oxidative phosphorylation, 

mitochondrial proliferation, 

mitochondrial oxidative stress and fatty 

acid oxidation) 

Inhibition of complexes, 

formation  of reactive oxygen, 

inhibition of mitochondrial 

protein synthesis and 

glutathione depletion  

Oxidative 

Stress 

Reduction of oxygen into reactive 

oxygen species and depleting 

glutathione 

Development of upregulated 

cells containing numerous 

protective enzymes and free 

radical scavengers 

Lysosomal 

Effects 

Interaction of cationic amphiphilic 

drugs with phospholipases or 

phospholipids 

Inhibition of lysosomal 

catabolism 

Calcium 

Regulatory 

System 

Desertion of ionized calcium from the 

extracellular to intracellular space  

Malfunction, activation of 

degenerative enzymes and cell 

loss 
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There are a number of mechanisms of cytotoxicity and each mechanism has a distinctive 

cause and effect. Table 2 summarizes cytotoxicity mechanisms may be caused by the 

nanoparticles.  

Cytotoxicity can be evaluated by a number of methods and assays available. Lactate 

dehydrogenase leakage assay (LDH) is a good example of assay. LDH assay systems 

assess cell membrane effects since some nanoparticles exhibit toxic effects by disrupting 

cell membrane.63 Metabolic activity is one of the key criteria for cytotoxicity assessment. 

The metabolic activity can be measured by assays including tetrazolium dye reduction, 

ATP (Adenosine-5'-triphosphate) colorimetric/fluorometric assay and 3(4,5-dimethyl-2-

thiazolyl)2,5-diphenly-2H-tetrazolium bromide reduction assay (MTT)37. Cell viability 

can be assessed by sulforhodamine B assay (SRB) in order to determine monolayer 

adherence which is utilized for marking of cytotoxicity.65 The effect of nanoparticles on 

cell cycle progression and cell death can be analysed by propidium iodine staining of 

DNA and flow cytometry.66 

It is important that in vitro models cannot assess toxicity effect from interactions between 

different cell types, structures and extracellular metrics (e.g. take place at tissue, organ 

and system level). Because of these limitations, in vitro models cannot capture a wide 

range of potential pathological changes.62 Results from in vitro studies must be 

considered as data from extremely simplified biological system and never over 

interpreted of the results. 

In vivo assessment 

Although, there are two forms of in vivo studies which are animal testing and clinical 

trials, only animal models likely to be appropriate methods since there are not enough 

relevant regulations associated with engineered nanomaterial for diagnostic and 
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therapeutic purpose yet. Therefore the purpose of in vivo studies will be assessing 

nanoparticles’ pharmacokinetics, efficacy and safety toward clinical trials.  

The objectives of in vivo studies include an assessment of nanoparticle imaging and 

therapeutic efficacy in animal models. In order to be a successful nanomaterial for such 

purpose, nanoparticles have to be cleared from the biological entity in a reasonable 

timeframe. Some imaging agents for increasing MRI contrast and nanoparticle drug 

delivery agents have been up-taken by organs and remained for extended periods.67 

Because of their particle size polydispersity, liquid chromatography and mass 

spectroscopy are not applicable for the studies of the nanoparticle clearance. The other 

limitations of quantifying nanoparticle concentrations in biological matrices include the 

nanoparticles in plasma and tissues which may be the biggest obstacle for further 

development.38, 54 Fortunately many nanoparticles for biomedical applications are 

engineered to be photoluminescent for both imaging and therapeutic purposes. Therefore, 

the imaging functionality (photoluminescence) could be utilized for in vivo 

quantification.38, 45, 54  

Even if animal models demonstrate reliable results for a specific engineered nanomaterial, 

results from clinical trials can be dramatically different.63 Possible explanations of 

inconsistencies include:  

1. Animal species do not predict human metabolism; 

2. Animal species are well controlled whilst human patients are under various conditions; 

and 

3. Normal healthy animal species cannot represent diseased human patients.68  

Therefore, it may be challenging to predict all the toxic effects by these nanoparticles on 

humans by the data from the animal models. Furthermore, it is uncertain to obtain simple 
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solutions to predict human toxicity by these animal models. In order to address this 

complex issue, plenty of experimental methods as well as theoretical methods need to be 

studied. Additionally, appropriate regulations for nanomaterial development processes 

must be accomplished. 

Regulatory perspective for engineered nanoparticles  

Although, a large number of nanoparticles or products with nanoparticles are 

commercially available, there is uncertainty of product safety. Furthermore, regulations, 

specified by responsible government bodies in most countries, are unavailable for most of 

the nanoparticles. The U.S. Food and Drug Administration (FDA) have approved 

products containing nanoparticles for clinical use such as MRI tumour contrast agents.69-

71 However, FDA have not released a full guidance but FDA released a draft guideline to 

provide regulated industries with certainty regarding the use of nanotechnology for 

products contain nanoparticles or involve applications of nanotechnology in 2011.72 

A number of studies on the in vitro toxicity of various types of nanoparticles have been 

reported. However, a limited number of in vivo safety study data, addressing the toxicity 

of these nanoparticles, are available in the published literature. Due to the lack of 

information regarding the relevance and application of in vitro study findings to human 

drug safety, more in vivo studies indicating mechanism of action, general toxicity, 

pharmacology profiles are required to be performed. Currently, many projects are running 

by the government bodies including FDA in order to evaluate the safety of engineered 

nanoparticles and their related products. Thus, there will be a regulated method for 

characterizing nanoparticles and standardized in vivo and in vitro study methodologies in 

the near future.  
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In vitro toxicity of carbon nanodots  

A number of studies displayed that CDs are nontoxic with or without additional surface 

modifications. Zhao et al. reported that their electrochemically prepared CDs showed 

high photostability. Furthermore their CDs displayed low cytotoxicity on a human kidney 

cell line which was assessed by MTT assay systems. The cell viability was not affected 

by the CDs up to 0.4 mg/mL.13 The nontoxicity of CDs on human kidney cells were 

further confirmed by Tao et al. The CDs from oxidized carbon nanotubes displayed no 

toxicity up to 0.5 mg/mL.73 Ray et al. also assessed toxicity of CDs, synthesized from 

carbon soot, on HepG2 cells by MTT and Trypan blue assays. No toxicity was observed 

at concentrations between 0.1 and 1 mg/mL.74 The reports above indicate that non-

functionalized CDs possess low toxicity towards the cell tested, compared with bare 

graphene and carbon nanotubes which induces cytotoxicity by triggering pro-apoptotic 

signals. This is may be due to the substantially smaller size and hydrophilicity originated 

from a higher degree of oxidation on the surface, compared with bare graphene and 

carbon nanotubes.  

Yang et al. evaluated toxicity of passivated CDs in vitro which were based on the effects 

on the proliferation, mortality, and viability of human breast cancer (MCF-7) and human 

colorectal adenocarcinoma (HT-29) cells.75 In contrast with non-functionalized CDs, the 

surface passivated (by amine terminated polyethylene glycol (PEG1500N)) CDs showed 

cytotoxic effect at 0.2 mg/mL. They attributed that the toxic effects observed were 

originated from the passivation agent which has been proven to be toxic. However the 

surface passivated CDs could be considered nontoxic. This is due to the concentrations of 

CDs used and the exposure time in the evaluations. Their toxicity assessment conditions 

were significantly higher than those required for potential applications such as optical 

imaging of living cells.  
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In vivo toxicity of carbon nanodots 

Yang et al. also assessed their surface passivated CDs in vivo. The results were consistent 

with the results from in vitro evaluation.75 Two different dose (8 and 40 mg of CDs/kg of 

body weight, intravenous administration) were tested on a mice model. The mice in the 

test group showed no sign of in vivo toxicity including abnormal food intake, clinical and 

psychological abnormalities. The accumulation of the CDs within organs were minimal 

consistent with the absence of any meaningful damage to the organs. The necropsy of 

liver and spleen displayed a few scattered bright fluorescence spots, attributable to 

trapped C-Dots. The isotope-ratio mass spectroscopy (isotope-MS) analyses of the liver 

and spleen samples recorded 20 μg in liver and 2 μg in spleen indicating relatively minor 

accumulations of C-Dots in vivo. Furthermore they speculated that the biocompatibility 

of the CDs is also competitive with some FDA-approved dyes as optical imaging agents 

such as indocyanine green since LD50 of such fluorescence dyes to intravenously 

exposed mice is 60 mg/kg body weight. 

Tao et al. assessed their non-functionalized CDs’ in-vivo toxicity. The CDs were 

administrated intravenously to female mice at 20 mg/kg of body weight and their 

behaviour was observed for 90 days. None of the mice tested showed indication of 

abnormality.73 Blood biochemistry and hematology data displayed consistent level with 

the control group confirming the normal behaviour of the mice. The necropsy of the main 

organs including liver, spleen, kidney, and heart of the mice from the control and treated 

groups further displayed no abnormality indicating benign nature of the CDs. In order to 

track the CDs in vivo, the CDs were labelled with iodine and the radioactivity levels were 

measured from the harvested organs. The results showed that CDs tend to accumulate in 

liver and spleen. The uptake by kidneys was higher at early stage of the evaluation. 

However, further analysis suggested that the excretions of the CDs would go through both 
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urine and feces. Due to the fast renal clearance, histological imaging and analysis of the 

organs revealed relatively minor accumulations of the injected CDs with no abnormality 

or lesion to the major organs. The fast renal clearance and low medium lethal dose 

(LD50) of CDs are likely originated from their small particle size.  

Biological applications of CDs 

The most actively studied area of CDs in the biological applications can be in vitro cell 

imaging. This is due to CDs’ stable and bright PL emission which are essential 

requirement for cell imaging. Furthermore in vitro studies are regarded as an essential for 

assessment of the toxicity as they provide preliminary information on CDs efficacy and 

toxicity. Moreover in vitro cell imaging studies are relatively simpler in contrast with cost 

and labour intensive in vivo studies.  

Cao et al. applied their CDs for multiphoton bioimaging since the sample CDs displayed 

distinctive signal at one-photon (458 nm) and two-photon (800 nm) excitation.76 The CDs 

were introduced to human breast cancer MCF-7 cells for labelling. They showed bright 

signal upon 800 nm laser excitation. The distribution of the CDs in the cells indicated that 

the CDs could not reach into the cells’ nucleus since the cell membrane and the 

cytoplasm of the MCF-7 cells were brightly illuminated. The uptake of the CDs by the 

MCF-7 cells were studied by labelling the cells at various temperature including a low 

temperature (4 °C). No noticeable signals were detected at the low temperature labelling 

indicating endocytosis is likely to be the labelling pathway. The membrane translocation 

peptide (TAT, human immunodeficiency virus-derived protein) linked CDs further 

showed a better accumulation of CDs in the cell which facilitated the translocation of the 

tissue by overcoming the cellular membrane barrier and enhances the intracellular 

labelling efficiency. 
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Li et al. reported in vitro bioimaging of cancer cells by bioconjugated CDs in order to 

demonstrate applications of both disease detection and drug delivery.77 Since the 

specificity of the CDs could be desirable, the CDs were conjugated with human 

transferrin (Tf) which has ability in targeting cancer cells via overexpression of Tf 

receptors on cancer cell membranes. The conjugated CDs were tested on HeLa cells and 

the Tf conjugated CDs displayed better internalization compared to non-conjugated CDs 

which was explained by the CDs surface functional groups and their corresponding ζ 

potential. Due to the excessive amine groups on the CDs surface, the CDs were positively 

charged (+3.35 mV) resulting more capability of binding with the cell membrane through 

electrostatic interactions. The cellular uptake experiments demonstrated that the design of 

surface functional groups of the CDs allowed bio-conjugation ability with biomolecules. 

A CD based inorganic–organic probe, capable of pH detection, was reported by Kong et 

al. by conjugating 4′-(Aminomethylphenyl)-2,2′:6′,2″-terpyridine (AE-TPY) molecules 

onto the CD particles surface.78 The the CDs displayed two-photon PL emission (360 nm 

/450 nm and 800 nm / 450 nm excitation and emission) and the AE-TPY molecules were 

used as receptors that selectively respond to the change of [H+]. Thus, the AE-TPY 

conjugated CDs could be used for bioimaging and biosensing of physiological pH in 

living cells and living tissues at a depth of 65–185 μm. The PL emission under one-/two-

photon excitation showed steady increase upon increasing H+ concentration. Furthermore, 

the intensity changes showed good linear relationships with pH variations in the range of 

5.4–8.6. The selectivity of H+ was assessed by metal ions including K+, Na+, Ca2+, and 

Mg2+. The AE-TPY-CDs showed no notable changes in PL emission under the metal ions 

tested while H+ showed increased PL intensity. Furthermore negligible responses were 

observed from two-photon fluorescence probe toward amino acids, glucose, dopamine, 

H2O2 various ionic strength buffer solutions indicating an excellent selectivity toward H+. 
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The assessment of AE-TPY-CDs by A549 lung cancer cells showed that the CDs evenly 

distributed in the cell tissue. The two-photon imaging in A549 lung cancer cells tissue 

rapidly turned false blue to red color upon the changes of pH from 7.8 to 7.1 and then to 

6.4 indicating the sensitivity of the CDs to pH changes. 

Zhu et al. reported a ratiometric CD-based fluorescent probe for intracellular sensing and 

imaging of Cu2+ ions by integrating an organic molecule specific for Cu2+ ions.79 A 

hybrid system, composed of CDs and CdSe/ZnS QDs were conjugated with N-(2-

aminoethyl)-N,N,N′tris(pyridin-2ylmethyl)ethane-1,2-diamine (AE-TPEA) as a Cu2+ ions. 

The probe displayed two PL emission bands at 485 and 644 nm originated from CD-

TPEA and CdSe/ZnS QDs embedded in silica nanoparticles respectively. Upon addition 

of Cu2+ ions, the PL emission intensity of the probe showed continuous quenching 

whereas the PL emission from the encapsulated CdSe/ZnS QDs remained constant. Since 

the intracellular system has complex cellular cations, trace metal cations and amino acids, 

various ions and amino acids were tested. The results showed none of the ions were 

affected the sensing of Cu2+ indicating a good selectivity. The probe was tested against 

Hela cells by deliberately increasing Cu2+ levels in the cells. The PL emission from the 

probe turned from green-yellow to red upon the increasing of Cu2+ ion which agreed with 

a change of the fluorescence spectrum observed in Hela cells. 

Lai et al. demonstrated a CD based drug loading platform by using PEG passivated CDs. 

80 The CDs were embedded in mesoporous SiO2 followed by loading doxorubicin(DOX) 

onto the PEG-CDs-SiO2. The PL emission of the bare CDs, PEG passivated CDs and 

PEG passivated CDs in SiO2 displayed increased quantum yield from 9%, 20% and 32% 

respectively at the same PL emission (450 nm). In order to assess the capability as a drug 

carrier, 20 µg of DOX was loaded at 1 mg of PEG-CD-SiO2. The loading of DOX 

showed variable amount of loading at different pH levels indicating in an acidic 
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environment, the protonated –NH2 groups of DOX became hydrophilic and hence more 

water-soluble, accelerating its release from PEG-CD-SiO2. The tests against HeLa cells 

showed no toxic effects by PEG-CD-SiO2. However, DOX loaded PEG-CD-SiO2 showed 

noticeable cytotoxicity and the level of toxicity was also higher than DOX alone. They 

hypothesized that the cell uptake of DOX was via a passive diffusion process whilst DOX 

loaded PEG-CD-SiO2 was internalized into cells via an active endocytosis process, 

inducing the cell apoptosis. The confocal study further confirmed that the cells treated 

with DOX loaded PEG-CD-SiO2 was up taken by the cells. The release of DOX into the 

nucleus within the cells was also observed at 2 hours whilst PEG-CD-SiO2 remained in 

cytoplasm at 24 hrs.  

Yu et al. developed a CD based ratiometric fluorescent sensor for detecting hydrogen 

sulfide in aqueous media and inside of live cells by conjugating naphthalimide-azide onto 

the surface of amine functionalized CDs.81 In the presence of H2S, the probe 

(naphthalimide-azide) changed into an energy acceptor due to its reduction by hydrogen 

sulfide. In order to match the absorption of the acceptor and ensure the FRET process, the 

CDs excitation and emission was fixed at 340 and 425 nm respectively. The results 

displayed that the excitation of the CDs at 340 nm led to emission at 425 nm in the 

absence of H2S. Upon the addition of H2S, the CDs’ PL emission at 425 nm gradually 

decreased. A new emission band at 526 nm from naphthalimide-amine appeared in the 

presence of H2S which was caused by the probe (naphthalimide-azide) changed into an 

energy acceptor (naphthalimide-amine). By controlling the amount of the probe moieties 

conjugated onto the CD, the detection limit could reach 10 nM levels. Further assessment 

in bovine serum revealed that the sensing platform was capable of detecting H2S in the 

range of 1 to 10 µM suggesting a good biostability. Further sensing of H2S in HeLa and 

L929 cells, measured by fluorescence microscopy, showed green fluorescence signals 
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from the cells indicating the FRET process could take place inside the cells and the CD 

based sensing platform which could be applied to track the H2S level change within live 

cells. 

Krishna et al. demonstrated a bone crack detection by CDs.82 The amine functionalized 

CDs were conjugated with glutamic acid (GA) as a calcium targeting ligand and 

ciprofloxacin as an antibacterial model drug by EDC chemistry. The toxicity was 

assessed by L929 fibroblast cells and the CDs show no significant toxicity. However, due 

to the antibacterial agent (ciprofloxacin) conjugated onto the CDs, the sample CDs 

showed noticeable antibacterial effects on E. coli at various concentrations from 0.5 mg 

mL−1, up to 1 : 32 dilutions. Further quantification by bacterial inhibition standard 

revealed that approximately 0.1 mg of ciprofloxacin could be conjugated on 1 mg of the 

CDs. The functionality of GA as a calcium targeting moieties were assessed by an in vivo 

microscopic system with a freshly collected bone by incubating the bone with the CDs for 

24 hours. The image of the bone at 430 nm excitation displayed clear localization of the 

CDs around the crack site indicating the ability of the CDs to concentrate at the desired 

location. 

Conclusion 

A substantial amount of studies have been conducted on CDs and their applications. 

However, many questions are still required to be answered such as precise PL 

mechanisms, comprehensive toxicity assessment since the results from the literature are 

inconsistent. However, the applications in both chemical and biological sensing utilise a 

common property of the CDs. These applications employs the CDs PL emission changes 

by the analytes bindings onto the surface of the CDs. Thus, the CDs’ surface states may 

be the dominant factor for the PL emission. Although numerous types of sensing 

platforms were demonstrated, precise PL mechanisms may be the key for further 
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progress. Moreover, the results from toxicity studies on various systems also indicate CDs 

are generally nontoxic. Unfortunately, the results are obtained from cell based assay 

systems on various types of CDs. Therefore, it is inconclusive that CDs may possess 

unknown toxicity which may affect ecological systems. Although CDs may be a better 

alternative to cadmium based QDs, a comprehensive toxicity assessment may still be 

required in order to minimize the apprehension of the effects on the environment and 

ecological systems.  
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Chapter 2 Salt-embedded carbon nanodots as a UV and 

thermal stable fluorophore for light-emitting diodes 
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Chapter 3 Amine-rich Carbon Nanodots as a Fluorescence 

Probe for Methamphetamine Precursors  
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Chapter 4 Yellow-Emitting Carbon Nanodots and their 

Flexible and Transparent Films for White LEDs 
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Nanodots Exhibiting Antiproliferative Activities 
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ABSTRACT: Highly biocompatible carbon nanoparticles were synthesized by a one-step 

hydrothermal route. The data obtained from the optical analyses indicate that the particles 

emit green to yellow dominant photoluminescent (PL) emission. The distinctive emission 

originates from the pyridinic nitrogen which exists in the particles. A series of toxicity 

assessments showed that the sample particles possess exceptional biocompatibilities to 

various biological entities including Petunia axillaris seedlings, Artemia franciscana 

nauplii and 18 bacteria species. Furthermore, the particles are low-toxicity to non-toxic to 

human embryonic kidney (HEK-293) cell lines, breast (MCF-7), oral squamous (CAL-

27) carcinoma cell lines, and ovarian choriocarcinoma (JAr / Jeg-3) cell lines. 

Interestingly, the sample particles display antiproliferative activities against ovarian 

choriocarcinoma cells which may indicate further application as an antiproliferative 

imaging agent. 
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INTRODUCTION 

Carbon dots (CDs) present a great potential as an alternative to heavy metal based 

quantum dots (QDs) due to their superior optical performance, low toxicity and chemical 

stability.1,2 CDs have been studied for a wide range of applications including biological 

imaging,3,4 sensing,5,6 light harvesting7 and solid state lighting.8-10 Applications of 

particular biological fields have been studied extensively in the search of a new 

fluorescence nanomaterials in order to overcome the major disadvantage of QDs.11 CDs 

have been investigated in various biological areas including but not limited to in-vitro,12,13 

in-vivo14,15 imaging, biosensing16 and drug delivery17. In recent years, CDs synthesized 

by bottom up methods have been researched extensively due to their simplified synthetic 

routes18 and large improvement in optical performance.19 However, most of the reported 

CDs emit blue20,21 or green fluorescence22, which limits their broad applications 

particularly in bioimaging. Furthermore, the biological applications rely on a 

comprehensive understanding on the potential adverse effects of the materials in 

biological entities.23,24 Therefore, comprehensive understandings on their toxicity in 

various biological systems are required for CDs’ toxicity assessment. Although some of 

the in vitro studies for CDs demonstrated that bottom up synthesized CDs are nontoxic, 

further studies are required before CDs are deemed a safe alternative to QDs.  

Herein, we report a new hydrothermal synthesis reacting citric acid and urea in glycerol 

that affords yellow-emitting carbon nanodots (gCDs). Distinctively, the gCDs show non-

toxicity to plants (Petunia axillaris seedlings), brine shrimps (Artemia franciscana 

nauplii), and sevral bacterial species. In a set of in vitro screening, the gCDs showed zero 

to low toxicity to HEK-293 cells, MCF-7, CAL-27 carcinoma cells and JAr  / Jeg-3 

choriocarcinoma cells, whilst exhibited antiproliferative activities to the JAr / Jeg-3 cells 

that have an over-production of thioredoxin. The study presents hydroxyl functionalized 



104 

CDs and their biological interactions between nanoparticles and biological entities, and 

feasibility of CDs as antiproliferative imaging agents.   

 

RESULTS and DISCUSSIONS 

The CD samples were prepared by a one-step hydrothermal method. Urea and citric 

acid were mixed with 10 to 1 molar ratio (0.5 g urea and 0.16 g citric acid) in 10 mL of 

glycerol. The mixture was placed in a hydrothermal reactor, followed by a 24 hour 

reaction at 180°C (CDs samples synthesized in water, wCDs, were prepared for control 

experiments and results for wCDs are available in Supporting Information). The 

formation of CDs in a hydrothermal system has been recognized as a carbonization of the 

precursors which is considered a complex route, involving ionization, dehydration, 

polymerization stages.25,26 Urea decomposes into ammonia and carbon dioxide gas under 

the reaction conditions, while citric acid forms the backbone of the CDs’ framework. It 

has been established that pressurized ammonia gas can achieve both N doping in the 

conjugated carbon structure and amine surface functionalization.27 Additionally, adding 

hydroxyl rich glycerol in the system results in hydroxylamine formation, followed by 

reduction of the imine.28-30 During the reaction, polymerization follows, resulting in 

nucleation and nanoparticles are grown by aggregation of the nuclei toward the surface.31-

33 The crude as-synthesized CDs were further processed and purified via dialysis at 3.5 

kD (3.5k-gCDs) and 1 kD (1k-gCDs) respectively (The sample preparation processes are 

illustrated in Scheme S1).  
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Figure 1. (a) AFM, (b) DLS, (c) HRTEM and (d) Raman spectrum of 1kgCDs. (Details 

of the 3.5k-gCDs are presented in Supporting Information) 

 

The CDs’ particle sizes were characterized by atomic force microscopy (AFM) and 

dynamic light scattering (DLS). As presented in Figure 1(a), the majority of particles 

collected from 1kD membrane (1k-gCDs) were measured between 1 and 4 nm by AFM. 

The size distribution from the DLS measurement was in agreement (Figure 1 (b)). 

However, the distribution from DLS was slightly larger with particles reaching up to 20 

nm. The relative increase in particle distribution in the DLS is likely attributable to the 

hydration layer from the peripheral functionality and the agglomeration of the particles. 

TEM characterization in Figure 1(c) indicates that the particles are spherical with multiple 

carbon layers. Successive planes of carbon lattices can be observed and the distance 

between successive planes were separated at a distance of ~0.35 nm. The Raman 

spectrum of the 1k-gCDs (Figure 1(d)) displayed two notable peaks at 1368 and 1595 cm-

1 corresponding to the D and G band respectively. The broad 2D band between 2700 and 

2800 cm-1, with a strong G band intensity, further indicates that the particles contain 

multiple layers.34,35 The weak shoulder at 1549 cm-1 from the asymmetric G band may 

indicate the presence of structural defects and/or oxidized products on the surface of the 

particles.36,37  
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Figure 2. (a) IR comparison between as-synthesized and 1k-gCDs, XPS (b) survey 

spectrum, high resolution (b) C1s and (d) N1s spectrum of the 1k-gCDs. (IR and XPS 

spectra of the 3.5k-gCDs are available in Supporting Information). 

 

The Infrared (IR) spectra in Figure 2(a) indicate that all of the gCDs have strong 

hydroxyl (3600-3200cm-1 stretch) bands. The band between 1750 and 1550 cm-1 from the 

as-synthesized gCDs indicates the development of surface functional groups during the 

hydrothermal reaction. Both the as-synthesized and 1k-gCDs show relatively strong 

stretch O-H (3600-3200 cm-1) and C-H stretch (3000-2750 cm-1) due to the hydroxyl rich 

environment (glycerol as a solvent) for the synthesis. These strong C-H and O-H bands 

indicate the existence of carbon cores, functionalized with multiple hydroxyls on the 

surface. Furthermore, the 1k-gCDs displays relatively stronger C=O stretch (1780 and 

1655 cm-1) and N-H bend (1565 cm-1) than the as-synthesized CDs, indicating the 

existence of other functional groups such as carboxyl and amine. The C-N stretch at 1400 

cm-1 further supports the functionalization of amine on the surface of the carbon cores.38  

The samples were further characterized by x-ray photoelectron spectroscopy (XPS) to 

probe the chemical structures of the core and the surface functionalities. The XPS survey 

spectrum of the 1k-gCDs in Figure 2(b) indicates that the 1k-gCDs mainly consist of 

carbon (~67%, Table S1). The high resolution C1s spectra (Figure 2 (c)) could be 
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deconvoluted into four peaks corresponding to C-C/C=C (284.6 eV), C-O/C-N (286.0 

eV), C=O (287.6 eV) and O-C=O (288.6 eV).39,40 The distinctively large amount of C-

O/C-N indicated the majority of the functionalities are hydroxyl. The high resolution 

spectra of N1s in Figure 2 (d) revealed three peaks at 398.5 eV, 399.7 eV and 401.3 eV 

ascribed to pyridinic N, amine and quaternary N respectively.41,42. The presence of 

pyridinic N in the gCDs demonstrates N-doping pathways during hydrothermal reaction. 

The oxygen containing functional groups present in glycerol (hydroxyl) and citric acid 

(carboxyl) may interact with the amines in urea, contributing to the incorporation of N 

into the carbon nanoparticles through the hydroxylamine and imine formation followed 

by transformation of imine28-30 to pyridinic N during carbonization on the gCDs.43,44 

Alternatively, the reaction in the absence of the hydroxyl rich glycerol possibly led to the 

decomposition of urea and the formation of carbon nitride and ammonia which would act 

as an intermediate for the formation of a N dopant in the carbon core45,46. This would 

results in rich amines on the surface of wCDs (Figure S5).27 The results from XPS 

correlates well with the data from IR characterizations.  
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Figure 3. (a) UV-Vis absorption, (b) PL emission (λEx = 360nm), (c) PL emission at each 

sample’s highest emission intensity (1k-gCDs: λEx = 360nm, 3.5k-gCDs: λEx = 420nm), 

(d) PL decay of the fractionated samples, and pictures of (e) 1k-gCDs’ and (f) 3.5k-gCDs’ 

PL emission under various excitations. Optical data from the wCDs are presented in 

Supporting Information. 

 

Optical characterizations reveal the characteristic properties of gCDs. The absorption 

edges in Figure 3 (a) indicate that the samples have absorption maxima larger than 250 

nm, which can be a π- π* transition. Shoulder peaks at ~340nm, adjacent to its absorption 
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edge due to n-π* transition, are also noted.47 The absorption of the 1k-gCDs slowly 

increases from 500nm, with a shoulder peak at 340nm. The absorption of the 3.5k-gCDs 

increases from 600nm with a shoulder peak around 350nm. This is likely caused by 

pyridinic N, since the nitrogen content is further increased most of the carbon structure 

becomes terminated by pyridinic N, changing the optical absorption.48-52  

PL spectra of the 1k- and 3.5-gCDs (λEx = 360nm) display distinctively different 

emission (Figure 3 (b)). The small shoulder emission peak at 440 nm from the 3.5k-

gCDs’ PL emission spectrum indicates the existence of the same PL species in the 1k-

gCDs. This is highly likely due to the incomplete separation of the gCD particles by the 

membrane dialysis. The PL spectra of the gCDs at their emission maxima (Figure 3 (c)) 

further display that the 3.5k-gCDs PL emission peak is red-shifted to 490 nm, in 

comparison with the PL maximum of the 1k-gCDs (440nm). The PL emission maps of 

the gCDs further support noticeable differences (Figure S9). Quantum yields of the 1k- 

and 3.5k-gCDs were measured at 10 and 8 % respectively.  

The PL decays (λEx= 377 nm) in Figure 3 (d) were best fitted by tri-exponential 

function (Table S3), indicating each sample has 3 different PL species. This indicates the 

excited PL species follow a complicated relaxation process.53,54 The PL decay and 

relative ratio of the PL species (τ) are noticeably different amongst the samples (Table 

S3). The PL lifetime of the 1k-gCDs shows the highest distribution at τ2 (51%), whilst the 

highest distribution of 3.5k-gCDs is at τ3 (59%).  

The difference between 1k- and 3.5k-gCDs in the optical properties suggests the 

existence of a high density of exciton energy states and/or many deep impurity energy 

states in the larger fractions. This is likely from the pyridinic N present in both the 1k-

gCDs and 3.5k-gCDs55-57. Therefore, excited states can be stored in an intermediate state 
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by a trap formed by the nitrogen dopants, which results in delayed luminescence.54,58 The 

samples emission color was consistent with PL emission spectra (Figure 2 (e-f)).  

The toxicity of the gCDs were assessed against various biological entities including 

Artemia franciscana (brine shrimps) nauplii, Petunia axillaris seedlings, bacteria, human 

embryonic kidney (HEK-293) cell lines, breast (MCF-7), oral squamous (CAL-27) 

carcinoma cell lines, and ovarian choriocarcinoma (JAr / Jeg-3) cell lines. Control CD 

samples (1k- and 3.5k-wCDs) were also tested under identical conditions. 

 

Figure 4. (a) Mortality of the CDs tested against Artemia franciscana nauplii, (b) 

fluorescence microscopy images of A. franciscana nauplii (from first row: negative 

control, 1k-gCDs and 3.5k-CDs, from left to right column: λEx = 405, 488 and 594 nm) 

and (c) 1k-gCDs infiltrated into Petunia axillaris seedling leaves ((1) under room light, 

(2) under 365 nm UV after 10 min, (3) under room light and (4) under UV light after 2 h). 

Infiltrations of wCDs are presented in Supporting Information. 
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As shown in Figure 4 (a), the toxicity of the fractionated gCDs and wCDs were initially 

assessed by Artemia franciscana nauplii lethality bioassay at a concentration of 1.5 

mg·mL-1.59,60 None of the gCDs displays noticeable toxic effect whilst the wCDs show 

mortalities comparable with the reference toxin (potassium dichromate, 1 mg·mL-1). 

Fluorescence microscopy images of the A. franciscana nauplii in Figure 4 (b) clearly 

show uptake and distribution of the sample within the nauplii. The images from the 

control group show no obvious visuals of the nauplius while the images from 1k-gCD and 

3.5k-gCDs display clear distributions of the samples, confirming uptake of the gCDs by 

the nauplii. Nevertheless, it is hard to elucidate the origins of the mortality, the 

differences in the CDs were the surface functional groups. The gCDs are rich in hydroxyl 

groups whilst the wCDs have relatively higher amounts of amine and carboxyl. Therefore 

the mortality of the wCDs may be originated from the amine/carboxyl on the surface. 

Alternatively, the benignity of gCDs may be due to the rich hydroxyls on the surface of 

the carbon cores.  

The 1k-gCD and 1k-wCD samples toxicity was further tested by infiltrating the 1k-CDs 

on Petunia axillaris seedlings.61,62  The CD samples in the leaf show visible emission 

under a 365nm UV lamp (Figure 4(c) / S8). The petunia axillaris seedling injected with 

1k-gCDs did not show any obvious toxic effects. The leaf infiltrated by the 1k-gCDs was 

devoid of signs of dehydration or abnormality and the leaf returned to normal condition 

within 1 hour. The emission from the leaf could not be observed after one day. The 

seedling showed no further toxic effects afterward. This indicates that the infiltrated 1k-

gCDs were metabolized by the Petunia axillaris seedling. However, the leaf infiltrated by 

the 1k-wCDs showed signs of dehydration after 2 hours, resulting in complete 

dehydration after 24 hours (Figure S9). Another set of assessments were performed by 

feeding the 1k-gCDs and 1k-wCDs directly to the Petunia axillaris seedlings for four 
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weeks. No noticeable signs of toxicity were evident. No further effects on the growth 

were observed compared with the control sample (Figure S10, S11 and S12). However, 

the seedling grown in the presence of the CDs showed higher luminescent under UV. It 

was noticeable that the emission color from the plants were close to that of the UV lamp. 

The emission of the plants was likely reflection of the UV light by trichomes on the 

seedlings. The seedlings grown by the CD samples might provide extra nutrients, 

resulting in a higher number of trichome growth on them, in contrast with the control 

seedling. It was noted that the seeding treated with the 1k-wCD displayed signs of 

dehydration upon feeding. However it returned to a healthy condition within 2 hours. 

The CDs’ antibacterial activities were assessed by Kirby-Bauer antibiotic test. 

Although wCDs showed a certain level of toxicity against A. franciscana nauplii, no 

antibacterial activities were observed (Table S4).  

In vitro toxicity was assessed by HEK293, CAL27 and MCF7 via an MTT assay 

system and JAr and Jeg-3 via an MTS assay system at 450 μg·mL-1 of the CD 

concentration. The results in Figure 5 (a) indicates that none of the CD samples displayed 

notable toxic effects (does responses are presented in Figure S13). Interestingly, however, 

introducing the 1k-gCDs prior to the cell adhesion (shorter incubation periods) resulted in 

inhibition of cellular proliferation, evidenced by the results from the MTT and MTS 

assays (Figure S13 (e) and Figure 4 (b) respectively). The results from JAr and Jeg-3 cells 

tests were particularly interesting, displaying substantial inhibition of cellular 

proliferation. Indeed, the 1k-gCDs inhibited JAr and Jeg-3 cells by approximately 35% 

and 5% respectively. It is noteworthy that under the incubation times/ conditions utilized 

in these assays that the cells had not adhered to the base of the well prior to addition of 

the test CDs. It is possible that the 1k-gCDs may block processes associated with cell 
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adherence, and thus affects cellular proliferation. Several anticancer drugs are known to 

function by mechanisms which give similar effects.63 These drugs are able to bind to 

tubulin monomers, blocking their polymerization.64,65 This not only affects microtubule 

formation, and thus cell division, but also affects cell adherence. Furthermore, 

nanoparticles including nanospheres/nanocapsules66 and Au nanoparticles67 have 

demonstrated similar antiproliferative properties.  

 

Figure 5. (a) Cell viability assessed at the sample concentration of 450 µg·mL-1, (b) JAr 

and Jeg-3 proliferation assessed at the sample concentration at 450 µg·mL-1, 1k-gCDs cell 

proliferation (c) after the cell adhesion and (d) before the cell adhesion. 

 

To further evaluate the antiproliferative efficacy of the 1k-gCDs, the dose response 

relationship was assessed across the range 55 to 450 µg·mL-1 (Figure 5(b)). The IC50 

values were determined at 215.3 and 37.7 µg·mL-1 for JAr and Jeg-3 cells respectively. 

Interestingly, under the incubation conditions resulting in non-adhered cells, 1k-gCDs 
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inhibited both JAr and Jeg-3 proliferation. Jeg-3 cells was more susceptible with 

subsequently lower IC50 values.  

Jeg-3 cells produce higher levels of thioredoxin (Trx)68 and thus would be expected to 

be more resistant to oxidative toxins. However, cellular redox defences not only require 

Trx but also need a system of other proteins/enzymes to ensure that the Trx is in a 

reduced form, allowing it to overcome oxidative stress.69 As presented in Figure 6(a), the 

Trx system consist of redox active protein (Trx, two active cysteines), homodimeric 

seleno-protein (thioredoxin reductase, TrxR) and nicotinamide adenine dinucleotide 

phosphate (NADPH). The Trx undergo reversible oxidation forming a disulfide linkage. 

The oxidized Trx protein is recycled to a reduced state via the interaction of TrxR and 

subsequently NADPH. TrxR consists of homodimers and each subunit containing two 

active sites (N/C-terminus). The first active site (N-ternimus) receives electrons from 

NADPH via flavin adenine dinucleotide (FAD) molecule.70 If one of the other proteins 

(e.g. TrxR) is not present in high enough levels or not in a reduced state (e,g, Trx-(SH)2), 

it may be unable to reduce/activate the cellular Trx.71 Consequently, despite having 

higher Trx levels, the redox state of the Jeg-3 cells may result in the Trx being present in 

an oxidized state (e.g. Trx-S2). If so, this would push the cells towards oxidative stress 

and thus higher antiproliferative effects. The 1k-gCDs in the cells (Figure 6(b), (c)) 

presumably may interact with the reduced Trx or/and TrxR, similar to other systems 

reported previously.72-74 Thus, the Trx system inhibition by the 1k-gCDs may contribute 

to the greater antiproliferation affects, evident in the Jeg-3 cells. Further studies are 

ongoing to confirm if this is the case. 
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Figure 6. (a) Schematic illustration of the Trx system (upper) and the Trx system with 

1k-gCDs (lower), confocal images of a (b) JAr  and (c) Jeg-3 cell incubated with 1k-

gCDs (from left: image captured at λEx = 405, 473, 594 nm and differential interference 

contrast image at λEx = 473 nm). No noticeable fluorescence was detected from the 

control JAr and Jeg-3 cells (Figure S14). 

 

In order to evaluate the plausible interactions of the 1k-gCDs with Trx and/or TrxR, 

sulfur and selenium containing chemicals (cysteine and sodium selenate) were assessed 

by PL intensity responses of the 1k-gCDs. It is well recognized that PL emission 
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properties of CDs are highly dependent on their surface states.5,6 Thus, if these analytes 

are subject to binding onto the surface of the 1k-gCDs, changes in the PL emission would 

be expected. Preliminary results from the PL intensity response assessment of 1k-gCDs 

against cysteine and sodium selenate are presented in in Figure 7 (a) and (b). The PL 

intensity of the 1k-gCDs show consecutive decrease by adding higher amount of the 

analytes (cysteine and sodium selenate, any changes of PL intensities from sodium 

chloride was not observed (Figure S15)). This is highly likely due to the bindings of the 

analytes onto the surface of the 1k-gCDs. However, no changes of PL emission intensities 

were observed from 1k-wCDs (figure S15) which correlates well with no cell 

proliferative activities from 1k-wCDs.  

In an attempt to describe the inhibition of Trx system by the 1k-gCDs’ specific surface 

functionalities, we extended this PL assessment to further fractionated 1k-gCDs. The 1k-

gCDs were fractionated by 5 different fractions by column chromatograph. Each fraction 

displayed different optical properties including notable changes in UV-Vis absorption 

peak at ~340 nm and PL emission intensities (Figure S16). IR spectra of the fractionated 

1k-gCDs in Figure 7(c) further indicate that each faction can be differentiated from each 

other. In contrast with the IR spectrum of the 1k-gCDs, the IR from the first faction (1k-

gCDs1st) shows a notably increased amount of amine (N-H bend, 1565 cm-1) and reduced 

hydroxyl (O-H bend, 1035 cm-1). The second faction (1k-gCDs2nd) shows a relatively 

higher amount of both amine and hydroxyl. Hydroxyls are dominant functional groups in 

the third and fourth fractions (1k-gCDs3rd and 1k-gCDs4th). It is also notable that the fifth 

faction (1k-gCDs5th) contains a significantly reduced amount of functional groups. It is 

likely that the fifth fraction may contain particles with no surface functional groups. 

Accordingly, PL emission intensity of 1k-gCDs5th is considerably decreased, in 

comparison with the other fractions.  
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1k-gCDs1st, 1k-gCDs3rd and 1k-gCDs5th were tested for assessments of amine, hydroxyl 

and non-functionalized CDs against the analytes respectively. As shown in Figure 7 (d) 

and (e), the hydroxyl dominant 1k-gCDs3rd displays comparable PL intensity responses 

with the 1k-gCDs (Figure 7 (a) and (b)). The amine dominant 1k-gCDs1st shows no 

notable PL intensity changes, indicating no interaction between the analytes and the 

anime functionality. Furthermore, no changes were also observed from the 1kgCDs5th 

which is likely due to the lack of the surface functional groups. These findings suggest 

that hydroxyls on the surface of the 1k-gCDs may interact with sulfide and/or selenide in 

the Trx and/or TrxR, inhibiting the Trx system. The PL intensity responses may 

demonstrate a conceivable pathway of Trx system inhibition, although the analytes tested 

are not exactly identical to cysteine and selenocysteine in the Trx system. Further studies 

will be required in order to evaluate the precise mechanism of the antiproliferative 

activities from the 1k-gCDs. 
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Figure 7. PL emission intensity responses of the 1k-CDs against (a) cysteine, (b) sodium 

selenate, (c) IR spectra of the fractionated 1k-gCDs by column chromatography, PL 

emission intensity responses of the 3rd fraction of 1k-gCDs against (d) cysteine, (e) 

sodium selenate. 

 

CONCLUSIONS 

Our finding suggested that optical properties can be modified by N doping, resulting in 

the changes in the optical absorption and consequent PL emission changes. Interestingly, 

unlike the results reported previously, the CD samples displayed different toxic responses 

depending on the biological entities tested. Since the particle sizes are comparable among 
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the samples, the surface functional groups of the CDs may be responsible for the various 

toxicity results. The 1k-wCDs’ toxic effects against Petunia axillaris seedlings and A. 

franciscana nauplii may originate from carboxyl and amine surface functionalities. In 

contrast, gCDs, which are functionalized with hydroxyls, displayed very good 

biocompatibilities throughout the biological entities tested in this study. However, the 

variations in the incubation time demonstrated that 1k-gCDs possess antiproliferative 

properties, effecting the cell adhesion. The antiproliferation activities were higher from 

JAr and Jeg-3 choriocarcinoma cells, especially Jeg-3 which produces higher amount of 

Trx. We further demonstrated that the hydroxyl functional groups on the 1k-gCDs may be 

responsible for the substantial antiproliferative activities of Jeg-3 via Trx system 

inhibition.  
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Experimental Section 

Sample synthesis and fractionation: All the chemicals used for the sample preparation 

were purchased from Chem-Supply Pty Ltd, Australia and used as received. Synthesis of 

the samples was carried out in a 30mL PTFE-lined autoclave. Masses of 0.5 g of urea and 

0.16 g of citric acid were mixed (10:1 molar ration) in either glycerol or water and placed 

in the autoclave. The autoclave was sealed and maintained at 180°C for 24 hours and then 

the autoclave was cooled at room temperature and samples were collected for further 

processing. Dialysis membranes were acquired from Spectrum Laboratories, Inc. Dialysis 

was performed twice at different molecular weight cut-offs (MWCOs) for obtaining pure 

and mono-dispersed CD samples. Prior to dialysis, all the samples were filtered through 

0.22μm syringe filters in order to remove large aggregates. The filtrate was subsequently 

placed in a 3.5kDa membrane bag (the volume of each dialysis bag was prepared at 

80mL) and dialyzed against large amount of water (20mL of sample solution/6L of water 

for 36 hours, 500mL of water was added every 2 hours and left for 12 hours further). The 

sample collected in the 3.5KDa membrane bag was named 3.5kCDs. The sample out of 

the 3.5 kDa bag was condensed in a rotary evaporator and the condensed sample was 

placed in a 1 kDa membrane bag for further dialysis. The sample collected in the 1KDa 

bag was named 1kCDs. 1k-gCDs were further fractionated by silica gel filled column 

chromatograph and methanol was used as an eluent. The methanol in the fractionated 1k-

gCDs after the chromatograph was evaporated by a rotavap. 

Artemia franciscana nauplii toxicity screening: The Artemia franciscana nauplii (brine 

shrimp larvae) lethality bioassay was employed to examine the toxicity of CDs. Artemia 

franciscana cysts were obtained from North American Brine Shrimp, LLC, USA 

(harvested from the Great Salt Lake, Utah). The cysts were hatched in synthetic seawater 

and the nauplii were separated from the shells and used for the test. A volume of 400 µL 
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of seawater containing approximately 50 A. franciscana nauplii were added to wells of a 

48-well plate and immediately used for bioassay. A volume of 400 µL of samples or a 

reference toxin (1 mg·mL-1
, potassium dichromate, Chem-Supply, Australia) were 

transferred to the wells and incubated at 25°C under artificial light (1000 Lux). A 

negative control (400 µL seawater) was run in triplicate for each plate. All treatments 

were performed in triplicate. The wells were checked at regular intervals and the number 

of dead counted. The nauplii were considered dead if no movement of the appendages 

was observed within 10 seconds. After 48 hours all nauplii were sacrificed by adding 100 

μL of acetic acid (concentrated, Chem-Supply, Australia) to each well and counted to 

facilitate the total % mortality per well.  

Plant toxicity: The tests were performed by using commercially available Petunia 

axillaris seedlings from a local nursery which were grown hydroponically. In order to 

feed CD samples directly to the seedlings, the soils on their root were washed and placed 

in flasks with cotton wool. A 3mL volume of the CD samples (concentration 200 µg·mL-

1) were fed every 2 days for 4 weeks in a controlled environment. The sample infiltration 

tests were performed by infiltrating 0.5 mL of the CD samples at a concentration of 200 

µg·mL-1 by using 1 mL syringes without needles on the back of the target leaves. 

Evaluation of antimicrobial activity: Antimicrobial activity of all plant extracts was 

determined using a disc diffusion assay. Briefly, 100 µL of the test bacteria were grown in 

10 mL of fresh nutrient broth media until they reached a count of approximately 108 

cells·mL-1. An amount of 100 µL of bacterial suspension was spread onto nutrient agar 

plates. The CDs were tested for antibacterial activity using 5 mm sterilised filter paper 

discs. Discs were impregnated with 10 µL of the test sample, allowed to dry and placed 

onto inoculated plates. The plates were allowed to stand at 4 oC for 2 hours before 

incubation with the test CDs. Plates were incubated at 30 oC for 24 hours, then the 
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diameters of the inhibition zones were measured in millimetres. All measurements were 

to the closest whole millimetre. Each antimicrobial assay was performed in at least 

triplicate. Standard discs of ampicillin (2 µg) and chloramphenicol (10 µg) were obtained 

from Oxoid Ltd. and served as positive controls for antibacterial activity. Filter discs 

impregnated with 10 µL of distilled water were used as a negative control.  

Cell lines: Tongue Squamous (CAL27) carcinoma cell line was obtained from School of 

Life Science, Sun Yat-sen University (Guangzhou, China). Human breast (MCF7) 

carcinoma cell line and Human Embryonic Kidney (HEK293) cell line were donated by 

QIMR Berghofer Medical Research Institute (Brisbane, QLD). All the adherent cell lines 

were maintained in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 

(DMEM/F12 medium, Life technologies) supplemented with 10% foetal bovine serum 

(FBS) at 37oC in a humidified atmosphere with 5% CO2 in air. JAr and Jeg-3 

choriocarcinoma cell lines used in this study were obtained from American Type Culture 

Collection (Rockville, USA). The cells were cultured in Roswell Park Memorial Institute 

(RPMI) 1640 medium (Life Technologies), supplemented with 20 mM HEPES, 10 mM 

sodium bicarbonate, 50 µg·mL-1 streptomycin, 50 IU·mL-1 penicillin, 2 mM glutamine 

and 10 % fetal calf serum (Life Technologies). The cells were maintained as monolayers 

in 75 ml flasks at 37 °C, 5 % CO2 in a humidified atmosphere until approximately 80 % 

confluent.  

HEK293, CAL27 and MCF7 Cell viability/inhibition assay: The cells at 70-80% 

confluency were harvested and plated with optimal cell density in the 384-well 

microplate. The plate was incubated at 37 °C, 5% CO2 overnight. The cells were treated 

with the sample CDs and were incubated for 48 h at 37 °C in 5% CO2. A 5 µL volume of 

alamarBlue (Thermo Scientific) were added in the wells after the incubation. The plate 

was read using a Biotek Synergy 2 multi-mode microplate reader with excitation of 560 
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nm and emission of 590 nm after 24 h. A medium without cells was set as the blank 

control whilst 0.5% DMSO was served as the vehicle control. The cell inhibition was 

expressed as fluorescence intensity in the presence of test CDs as a percentage of that in 

the vehicle control using the following formula (Equation S1): 

𝐶𝑒𝑙𝑙 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%) = 100 − 
𝐹𝐸𝑥𝑝−𝐹𝐵𝐶

𝐹𝑉𝐶− 𝐹𝐵𝐶
× 100     Equation S1 

FExp is the fluorescence intensity of the test CDs, FBC is the fluorescence intensity of the 

blank control FVC is the fluorescence intensity of the vehicle control. All the experiments 

were performed in triplicates.  

JEG/JAR Cell proliferation test: 1 ml of trypsin (Sigma) was added to the culture flasks 

and incubated at 37 °C, 5 % CO2 for 15 min to dislodge the cells. The cell suspensions 

were then transferred to a 10 mL centrifuge tube and sedimented by centrifugation. The 

supernatant was discarded and the cells were resuspended in 9 mL of fresh media. 

Aliquots of the resuspended cells (70 μL, containing approximately 5000 cells) were 

added to the wells of a 96 well plate. A volume of 30 μL of the test CDs or cell media (for 

the negative control) was added to individual wells and the plates were incubated at 37 

°C, 5 % CO2 for 12 hours in a humidified atmosphere. A volume of 20 μL of Cell Titre 96 

Aqueous One solution (Promega) was subsequently added to each well and the plates 

were incubated for further 24 hours. Absorbances were recorded at 490 nm using a 

Molecular Devices, Spectra Max M3 plate reader. All tests were performed in at least 

triplicate and triplicate controls were included on each plate. The antiproliferative activity 

of each test was calculated as a percentage of the negative control using the following 

formula (Equation S2):  

𝐶𝑒𝑙𝑙 𝑃𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (%) =
𝐴𝑐𝑡

𝐴𝑐𝑐
× 100     Equation S2 
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Act is the corrected absorbance for the test extract (calculated by subtracting the 

absorbance of the test extract in media without cells from the extract cell test 

combination) and Acc is the corrected untreated control (calculated by subtracting the 

absorbance of the untreated control in media without cells from the untreated cell media 

combination). IC50 values were calculated using OriginPro 9.0.0 software packages. 

1k-gCDs quenching test: 1mL of 1k-gCDs or fractionated 1k-gCDs were mixed with 

1mL of analyte solutions (cysteine, sodium selenate and sodium chloride) prepared at 5 to 

50 μM. PL intensity responses were measured by fluorescent spectrometer. Cysteine and 

sodium chloride were purchased from Chem-Supply, Australia and sodium selenate was 

acquired from Sigma-Aldrich. The chemicals were used without further purification.  

Sample characterization: Atomic force microscopy (AFM) images were captured on a 

NT-MDT NTEGRA Spectra AFM by semi-contact mode. Hydrodynamic particle size 

was measured on a Malvern Zetasizer Nano ZS using dynamic light scattering (DLS) 

technique. High resolution transmission electron microscopy images were acquired from 

a FEI Titan G2 80-200 at 100kV. Fourier transform infrared (FTIR) spectra were 

recorded on a Perkin Elmer Spectrum Two FTIR spectrometer using an attenuated total 

reflection (ATR) attachment and a baseline correction was applied after the measurement. 

X-ray photoelectron spectroscopy (XPS) spectra were acquired using a Kratos Axis 

ULTRA X-ray photoelectron spectrometer incorporating a 165mm hemispherical electron 

energy analyser. Atomic concentration and peak fittings were carried out using a 

CasaXPS version 2.2.73 software packages. Raman spectra were recorded on a Reinshaw 

InVia using 514nm excitation and a baseline correction was applied. Fluorescence 

emission spectra were recorded on a Thermo Scientific Lumina fluorescence spectrometer 

and UV visible (UV-Vis) absorption spectra were measured on an Agilent 8453 UV-Vis 

spectrometer. Quantum yields (QY) were calculated by comparing the integrated 



131 

photoluminescence intensity values and the absorption values with a reference sample. 

Fluorescent lifetime was recorded on an Edinburgh Photonics FLS920 fluorescence 

spectrometer with 377nm pulse laser excitation source by using Time-Correlated Single 

Photon Counting (TCSPC) technique and exponential tail fit analysis were used for the 

data interpretation. Fluorescence microscopy images of A. franciscana nauplii were 

captured on an Olympus IX70 epifluorescence microscope at the excitation of 405, 488 

and 594 nm and the exposure time for each excitation was 450, 1500 and 1000 ms 

respectively. Laser scanning confocal microscope fluorescent and differential contrast 

images were taken using an Olympus FV1000 microscope and processed on FV10-ASW 

3.01.01.09 Viewer software packages. In order to enhance presentation, brightness and 

contrast were adjusted uniformly across the field of view using the FV10-ASW 3.1 

Viewer software and ImageJ 1.47t software packages.  
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Scheme S1. Sample synthesis and the fractionation process. The smallest fraction of the 

samples from 1 kD membrane bags (1k>CDs) exhibited no obvious sign of nanoparticles. 

This is likely the majority of the materials in the samples are oligomers and reaction 

reminders.1 

 

 

Figure S1. (a) AFM, (b) DLS and (c) Raman spectrum of 3.5k-gCDs. 
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Figure S2. (a) AFM, (b) DLS of 1k-wCDs, (c) AFM, (d) DLS of 3.5k-wCDs and (e) 

HRTEM of 1k-wCDs. 
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Figure S3. IR spectra of (a) starting precursors (b) gCDs and (c) wCDs. 
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Figure S4. XPS (a) survey spectra, high resolution (b) C1s, (c) N1s and (d) O1s spectra 

of fractionated gCDs. 
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Figure S5. XPS (a) survey spectra, high resolution (b) C1s, (c) N1s and (d) O1s spectra 

of fractionated wCDs. 
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Table S1. Carbon, oxygen and nitrogen contents. 

Samples C (At. %) N (At. %) O (At. %) 

N conc. 

(N/C) 

O conc. 

(O/C) 

1k-gCDs 66.8 6.0 27.2 0.090 0.407 

3.5k-gCDs 65.3 7.8 26.9 0.119 0.412 

1k-wCDs 58.4 6.1 35.5 0.105 0.608 

3.5k-wCDs 57.6 5.8 36.6 0.101 0.635 

 

 

Table S2. Nitrogen concentrations of gCDs and wCDs. 

Samples N Conc. (N/C) 

N distribution (At. %) 

Pyridine 

(398.5±0.1eV) 

Amine    

(399.7±0.1ev) 

Quaternary 

(401.3±0.1eV) 

1k-gCDs 0.090 14.9 63.1 22.0 

3.5k-gCDs 0.119 10.3 75.1 14.6 

1k-wCDs 0.105 - 71.8 28.2 

3.5k-wCDs 0.101 - 61.4 38.6 
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Figure S6. (a) UV-Vis absorption, (b) PL emission at 360nm excitation, (c) PL emission 

at each sample’s highest excitation wavelength, (d) PL decay spectra of the fractionated 

wCD samples. 

 

In contrast with the optical properties of gCDs, UV-Vis of wCDs showed identical 

regardless the fractions (Figure S6). This is likely due to the quaternary N which has 3D 

structures.2,3 It was noted that the emission of the wCDs were similar regardless of their 

differences in particle sizes and distribution (Figure S6 and S7). This indicates that the 

emission could not be changed by their particle sizes alone. Thus, the characteristic PL 

emission of gCDs are likely the combination of the different particle sizes and pyridinic N 

spices exist in gCDs. Indeed, only minor changes in the optical properties were observed 

from the fractions of the wCDs due to a similar non-radiative transition throughout all of 

the fractions. 
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Figure S7. PL emission map of PL map of (a) 1k-gCDs, (b) 3.5k-gCDs, (c) 1k-wCDs and 

(d) 3.5k-wCDs. 

 

Table S3. Optical properties of gCDs and wCDs. 

Samples 

Abs. 

peak 

(nm) 

λEx 

Max 

(nm) 

λEm 

Max 

(nm) 

FL Lifetime (ns) 

QY 

(%) τ1 τ2 τ3 τave χ2 

1k-gCDs 340 360 440 

1.12 

(7%) 

4.73 

(51%) 

13.14 

(42%) 

7.98 1.047 10 

3.5k-gCDs 345 420 490 

1.14 

(5%) 

4.63 

(36%) 

13.34 

(59%) 

9.58 1.021 8 

1k-wCDs 315 320 420 

1.26 

(5%) 

5.48 

(77%) 

12.22 

(18%) 

6.46 1.024 30 

3.5k-wCDs 315 360 430 

1.17 

(3%) 

5.49 

(73%) 

9.63 

(24%) 

6.35 1.049 10 
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Figure S8. A leaf of a Petunia axillaris seedling infiltrated by 1k-gCDs after 10 min 

under (a) room light, (b) UV light, 2 hr under (c) room light, (d) UV light, 24 hr under (e) 

room light and (f) UV light. 
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Figure S9. A leaf of a Petunia axillaris seedling infiltrated by 1k-wCDs after 10 min 

under (a) room light, (b) UV light, 2 hr under (c) room light, (d) UV light, 24 hr under (e) 

room light and (f) UV light. 
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Figure S10. A Petunia axillaris seedling hydroponically grown by water for reference at 

(a) 0 week, (b) 4 weeks (c) 1 week under room light and (d) 1 week under UV light. 

 

  

Figure S11. A Petunia axillaris seedling hydroponically grown by 1k-gCD sample at (a) 

0 week, (b) 4 weeks (c) 1 week under room light and (d) 1 week under UV light. 
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Figure S12. A Petunia axillaris seedling hydroponically grown by 1k-wCD sample at (a) 

0 week, (b) 4 weeks (c) 1 week under room light and (d) 1 week under UV light. 

 

The A Petunia axillaris seedlings grown in the presence of the CDs showed higher 

luminescent under UV. It was noticeable that the emission from the plants were close to 

that of the UV lamp. The emission of the plants was likely reflection of the UV light by 

trichomes on the seedlings. The seedlings grown by the CD samples might provide extra 

nutrients, resulting in a higher number of trichome growth on them compared to the 

control seedling. 
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Table S4. Antibacterial test on 18 different bacterium species. 

Bacteria 

Species 

Zone of inhibition (mm) 

1k-

gCDs 

3.5k-

gCDs 

1k-

wCDs 

3.5k-

wCDs 

Ampicillin   

(+ve control) 

Chloramphenicol 

(+ve control) 

Negative 

control 

Gram-negative rods 

A. faecalis - - - - 8 - - 

A hydrophilie - - - - 6 21 - 

C. fruendi - - - - - 19 - 

E. coli 0157 - - - - 6 19.5 ± 0.71 - 

K.pneumoniae - - - - - - - 

P. mirabilis - - - - 15 18 - 

P. fluorescens - - - - - 22 - 

S. newport - - - - 9 7 - 

S. marescens - - - - - 19 - 

S. sonei - - - - 8 6 - 

E. aerogenes - - - - 8 21 - 

Gram-negative bacilli 

P. aeroginosa - - - - - - - 

A. baylyi - - - - - 13 - 

Gram-positive rod 

B. cereus - - - - - 13 - 

Gram-positive cocci 

S. aureus - - - - - - - 

S. epidermidis - - - - - - - 

S. pyogens - - - - 8.5 ± 0.71 - - 

E. faecalis - - - - - - - 
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Figure S13. Cell viability of human embryonic kidney cell line (HEK293), tongue 

squamous cell carcinoma cell line (CAL27) and human breast cancer cell line (MCF7) of 

(a) 1k-gCDs, (b) 3.5k-gCDs, (c) 1k-wCDs, (d) 3.5k-wCDs and (e) 1k-gCDs assessed 

under shorter incubation periods (1k-gCDs introduced prior to the cell adhesion). 
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Figure S14. Confocal images of a control (a) JAR cell and (d) JEG cell incubated without 

1k-gCDs (from left: image captured at 405, 473, 594 and differential interference contrast 

image). 
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Figure S15. PL intensity responses of the 1k-CDs against (a), (b) sodium chloride, (c), 

(d) cysteine, (e) and (f) sodium selenate. (Left column: 1k-gCDs (a), (c), (e), right 

column: 1k-wCDs (b), (d), (f)). 
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Figure S16. Optical properties of the column fractionated 1k-gCDs.  
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Figure S17. PL intensity responses of the fractionated 1k-gCDs against (a), (d), (g) 

cysteine, (b), (e), (h) sodium selenate, (c), (f) and (i) sodium chloride. ((a), (b), (c) 1st raw: 

1st fraction of 1k-gCDs, (d), (e) (f) 2nd raw: 3rd fraction of 1k-gCDs and (g), (h), (i) 3rd 

raw: 5th fraction of 1k-gCDs). 
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Chapter 6. Conclusion 

The study was set out to explore the synthesis of Carbon Nanodots (CDs) and the concept 

of applications in lighting, sensing and biological areas. The study has also required to 

know whether the CDs are non-toxic or not which can affect the applications of the CDs. 

The literature on the toxicity on CDs are very limited on cell based in-vitro studies which 

are inconclusive. The study sought to answer three of these questions: 1) Does the 

emission of CDs can be controlled? 2) Are the CDs non-toxic although the majority of the 

literature claim that CDs are non-toxic? 3) Does the CDs can be applied to lighting, 

sensing and biological applications? 

Chapter 2. Salt-embedded carbon nanodots as a UV and thermal stable fluorophore for 

light-emitting diodes and Chapter 4. Yellow-Emitting Carbon Nanodots and their Flexible 

and Transparent Films for White LEDs demonstrated the emission control, toxicity 

evaluation and application perspectives of the CDs. Salt encapsulation provided an 

effective method to protect CDs from UV and thermal degradations. The yellow-emitting 

CDs demonstrated not only non-toxicity of the CDs but also emission control by their 

surface functional groups. The CDs showed consistent optical performance in solid state 

and flexibility of solidifying the sample without solidifying agent. Since LEDs are 

expected to last more than 50000 hours, further study on the long term stability will be 

essential. Studies on further solid state optical properties on bare LED chips will be 

required as the CDs need to be applied directly on the chips. Consequential optical effects 

such as thermal quenching by the heat generated from the bare LED chips should be 

addressed. Moreover, in-depth studies involving solid state optical properties including 

solid state quantum yield and colour temperature of the solid CDs are required in order to 

demonstrate feasibility. Chapter 3. Amine-rich Carbon Nanodots as a Fluorescence 
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Probe for Methamphetamine Precursors established a new sensing platform of illicit drug 

precursors. The emission pattern and the sensitivity and the selectivity are due to amine 

rich surface state which provides effective PL quenching upon binding of the analytes. 

Studies of selectivity on the solid state sensing protocols should be conducted for the 

potential use of the CDs as a simple and effective sensing probe for illicit drugs. Since the 

solid sensing platform by a small and portable instrument is a desirable format, another 

study on the sensitivity and selectivity by portable spectrometers should be performed 

toward a development of a simple and accurate illicit drug precursor sensing technique, 

benefiting the law enforcement agencies. The studies in Chapter 5. Hydroxyl-terminated, 

Yellow-emitting Carbon Nanodots Exhibit Selective Toxicity were focused on the toxicity 

evaluation on various biological entities whilst the sample also project emission 

controllability. The toxicity of the samples were consistent throughout the biological 

entities tested however the results indicated that the CDs can be a selective toxic agent. 

Since the CDs displayed highly complex physical and chemical structures and surface 

functionalities, a method for better fractionation technique such as HPLC should be 

performed followed by extensive toxicity studies. It is furthermore desirable to assess 

different types of biological assays for in-depth study on the precise mechanisms of the 

selective toxicity. 

The emission of the CDs were controllable by modifying the particles surface moieties 

and the excitation dependency on the emission was further controllable by either 

fractionation or purification. Despite of what is often reported about the toxicity of CDs, 

the toxicity of the CDs depended on the biological entities. However, the toxicity of the 

CDs may be utilized as a therapeutic purpose. Further demonstration on the lighting and 

sensing may project the bright future of carbon based nanoparticles as an excellent 

candidate for such applications.  


