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Abstract 

 

The advent of nanomaterials as enzyme mimics has drawn significant attention, owing 

to their high stability, robustness, low cost, and easy synthesis protocol. Carbon dots 

(CDs) with attractive intrinsic characteristics are a propitious candidate for peroxidase 

mimic. The present investigation is designed to focus and systematically realize the 

peroxidase-like activity of CDs synthesized from a widely available organic compound 

in nature, L-glutamic acid. The compound was selected based on a systematic 

investigation following a theoretical-cum-experimental approach, which led to identify 

the -COOH group as a highly active moiety for strongly binding and degrading H2O2 in 

the presence of a reducing equivalent, i.e., ABTS. We explored the influence of 

different functional groups and identified the -NH2 group present near the -COOH 

group exerting the highest peroxidase-like activity as validated by the compound, L-

glutamic acid. Following a pyrolysis method, the L-glutamic acid was transformed into 

CDs having a diameter of 3.18 ± 0.53 nm with its core made of pyroglutamic acid. The 

CD exhibited thermostability (~90 °C) and higher peroxidase-like activity than the L-

glutamic acid. The higher activity of the CD was attributed to its binding affinity with 

ABTS (2, 2’-azino-bis(3 ethylbenzothiazoline-6-sulfonic acid) and H2O2. The Km and 

Kcat of the CD for H2O2 were 5.85 mM and 0.011 s-1, respectively. Based on 

spectroscopic investigations, we confirmed that the peroxidase-like activity is a surface 

phenomenon that did not have a significant link to the photophysical property of the 

CD.  Based on the above facts and spectroscopic analysis, one of the critical issues 

concerning the obscure mechanism of the peroxidase-like activity of the CDs has been 

addressed. We also highlighted the application potential of the synthesized CDs for the 

colorimetric detection of peroxide. The colorimetric reaction could be reproduced on a 

paper platform, confirming the application potential of the CD for developing a low-

cost peroxide sensor. 

As the application potential of CDs for clinical diagnosis has not been adequately 

explored, we examined the suitability of pyroglutamate (PGA) CDs for detecting 

glucose, cholesterol, and alcohol in blood serum through their peroxidative activity in 

the respective enzyme-catalysed reactions following fluorimetric and colorimetric 
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ii 
 

approaches. In buffer, the CD’s fluorescence intensity (λex 354 nm) enhanced over 115 % 

after interaction with the enzyme proteins due to different lifetime components on its 

surface. The enhancement was also linked to FRET with the proteins (λex 274 nm for 

TRP/TYR). As revealed from zeta potential study, the electrostatic interactions 

generated binding energy (∆G, kcal/mol) in the range of -5.8 to -6.3 and significantly 

shifted the protein’s secondary structure to β-strands contents. The CD’s fluorescence 

in the blood serum medium was also enhanced where serum’s particulate components 

contributed to the emission. All these subvert fluorescence emissions could be 

substantially cleaned for detection of peroxide generated in the enzymatic reaction by 

filtering the serum particulates and redox proteins prior addition of CDs to the reaction 

systems. The CD, however, could complement well in ABTS-based (absorbance at λmax 

414 nm) colorimetric reaction in blood serum without introducing protein or particle 

separation steps for sensitive detection of peroxide. The limit of detection, dynamic 

range, and sensitivity discerned for peroxide in glucose oxidase catalysed reaction 

system were 183 μM, 0.02 mM-0.10 mM (R2 = 0.98), and 0.2482 AU mM-1, 

respectively. Overall, these findings will stand as guidance for clinical application of 

the peroxidative CDs to detect various analytes in blood serum following fluorescence 

and colorimetric-based principles.   

To further increase the efficiency of CDs as peroxidase-mimic, it is also desirable to 

understand the modification of CD’s geometry during the catalytic reaction. We 

concentrated on the change in material property of the CDs upon their reaction with 

H2O2 during the peroxidase reaction. For this, we utilized D-(+)-glucose to synthesize 

of chiroptical CDs bearing peroxidase-like activity, which could detect H2O2 with a 

limit of detection of 630 μM. Further investigation revealed that the addition of H2O2 

to the CDs results in its increased molecular orderliness leading to the introduction of 

polycrystallinity without affecting its peroxidase-like activity. 
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  Chapter 1 

2 
 

 

1.1 Introduction 

Enzymes have been extensively studied since their discovery and have found 

applications in different fields such as medicine, food processing, cosmetics, brewing, 

cleaning (detergents), pulp, and paper industry. However, despite the high catalytic 

activity, and substrate specificity, the natural protein-based enzymes possess some 

inherent drawbacks, that hampers their commercial applications. Adverse 

environmental conditions, denaturants, and digestion hinder the stability as well as the 

catalytic activity of enzymes. Also, the large-scale production and purification of 

enzymes are often challenging and expensive. All these bottlenecks led to the discovery 

of artificial enzymes or enzyme mimetics, which intends to imitate the properties of 

natural enzymes. In 1970, Professor Ronald Breslow at Columbia University coined the 

term “artificial enzymes” for natural enzyme alternatives (Wei and Wang, 2013). In his 

book entitled Artificial Enzymes, he mentioned how cyclodextrins (cyclic 

oligosaccharides with a hydrophilic outer surface and lipophilic cavity) could bind to 

hydrophobic substrates imitating enzyme-substrate complex. However, some artificial 

enzymes, such as DNAzymes, hemin, porphyrin, are biomolecules that are susceptible 

to activity loss due to fluctuations in temperature and pH. These led researchers to 

explore better alternatives of enzyme mimics. 

Over the past few years, it has been established that some nanomaterials can be 

a potential candidate for enzyme mimics (nanozymes) due to their various advantageous 

properties. In contrast to natural enzymes, nanozymes are highly stable, easily 

synthesized, robust, low cost, and can be stored for an extended period. The presence 

of high surface area to volume ratio and size-dependent tuneable catalytic property 

further enhances the enzymatic efficiency. These nanomaterials-based artificial 

enzymes have found profound applications in the field of biosensing, bioimaging, 

environmental protection, and therapeutics (Figure 1.1) (Wu et al., 2019). In most cases, 

the performance of nanozyme action is mainly dependent on its ability to generate or 

consume reactive oxygen species (ROS) (He et al., 2014). 

The concept of nanozyme first came into view in the year 1996 with the 

introduction of two hydroxyl derivatives of buckminsterfullerene (C60) in cortical 

neuron culture, for its free radical scavenging property in neuronal injury and apoptotic 
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death (Dugan et al., 1996). Dugan et al. observed that both the fullerene derivatives 

could effectively scavenge hydroxyl radicals generated from the decomposition of 

hydrogen peroxide, which resulted in reduced neuronal apoptotic death. Eight years 

later, Ali et al. introduced another fullerene (C60) derivative (tris-malonic acid (C3)) 

with potential superoxide dismutase (SOD)-like activity (Ali et al., 2004). Superoxide, 

an anionic radical, and a common toxic by-product in biochemical reactions are 

dismutated by superoxide dismutase in our body. However, the high-level activity of 

superoxide dismutase can cause tissue damage, neural injury, and also inflammation. 

To overcome this, the introduction of SOD mimic in vivo was essential. Tris-malonic 

acid (C3) was found to be capable of eliminating superoxide radicals. The reaction 

between superoxide and C3 released the same product H2O2 (hydrogen peroxide) and 

regenerated oxygen, as is found in the case of SOD-based catalysis. Also, structurally 

there was no modification of C3 after the reaction, which further indicated that C3 has 

enzymatic properties. However, compared to superoxide dismutase, the rate of reaction 

of C3 was slow.  

The discovery of gold nanoparticles with glucose oxidase-like activity was a 

breakthrough in the field of nanozymes. In 2004, Comotti et al. synthesized naked gold 

nanoparticles with an average size of 3.6 nm, which mimicked glucose oxidase 

catalysing glucose in the presence of oxygen to gluconic acid and H2O2 (Comotti et al., 

2004). Another milestone in the history of nanozyme came in 2007 with the discovery 

of peroxidase-like activity of iron oxide magnetic nanoparticles by Gao and his co-

workers. Fe3O4 magnetic nanoparticle of different sizes was able to catalyse the 

oxidation of the peroxidase substrates, i.e., TMB, DAB, and OPD in the presence of 

H2O2 (Gao et al., 2007). The Fe3O4 magnetic nanoparticle with peroxidase-like activity 

was later used in the immunoassay for the detection of antigen.  

So far, nanozymes have been most commonly reported to exhibit oxidase-like, 

catalase-like, superoxide dismutase-like, and peroxidase-like activity, with their 

applications principally in the field of biosensors, environmental remediation, and 

therapeutics. This expeditious growth of the nanozyme research has been possible 

mainly because of its advantageous properties mentioned above.  

Currently, a great deal of the nanozyme research is focused on mimicking 

peroxidases. The peroxidase enzyme catalyses the reduction of peroxides such as 
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hydrogen peroxide (H2O2), lipid peroxide, and at the same time, causes oxidation of a 

redox substrate. The 1st stage of the reaction mechanism of peroxidase involves the 

binding of an H2O2 molecule to the heme (Fe (III)) cofactor resulting in the heterolytic 

cleavage of the oxygen-oxygen bond in peroxide. Two electron oxidations of the heme 

results in the formation of an intermediate form of the enzyme (compound I), which can 

be converted back to the resting enzyme via two successive single-electron oxidations 

of a redox substrate (SH2).  

𝑆𝐻2 + 𝐻2𝑂2  → 𝑆 + 2𝐻2𝑂 

The horseradish peroxidase (HRP) enzymes are the comprehensively utilized 

class of peroxidase enzymes in analytical applications, especially in colorimetric 

biosensors by virtue of their simplicity, practicality, and affordability. In clinical 

applications, generally, the HRP is utilized to catalyse the H2O2 liberated during the 

oxidation of clinically significant bioactive molecules involving oxidase enzymes. The 

H2O2 is converted to free radicals by HRP, which reacts with a chromogen and generates 

a coloured reaction product. Accordingly, the intensity of the colour promotes the 

indirect quantification of the clinically significant bioactive molecule. Fundamentally, 

using multiple enzymes in a single detection platform leads to increased complexity and 

cost of the biosensor. In this regard, replacing the HRP enzyme with peroxidase-based 

nanozymes can substantially simplify the detection processes.   

Carbon dots (CDs), a zero-dimensional carbon nanomaterial have received 

much attention in recent years due to their attractive intrinsic properties. The CDs 

display fascinating optical and electronic properties that make them a promising 

candidate for peroxidase mimic. In light of this fact, the present study aims to exploit 

an in-depth understanding of the enzymatic activity of the CDs, especially the 

peroxidase-like activity. The investigation intends to decipher the mechanism of the 

peroxidase-like activity of CDs, the evolution of its material property during the 

reaction with peroxide, and finally, its potentiality as a signal probe in clinical 

applications.  
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Figure 1.1. Graphical representation of nanozyme characteristics, their enzyme-like 

properties, and applications. Reprinted with permission from ref. (Wei et al., 2021).  

 

1.2 CDs as an Emerging Nanomaterial 

Since the fortuitous discovery of CDs in 2004, the interest in these luminescent 

nanomaterials has been increasing exponentially (Hu et al., 2019; Semeniuk et al., 

2019). The CDs are zero-dimensional carbon nanoparticles with a size of less than 10 

nm. Compared to the different types of carbon nanomaterials, the CDs have gained 

enormous attention due to their advantages such as inexpensive and easy synthesis, 

facile surface functionalization, low toxicity, biocompatibility, high water-solubility, 

tunable luminescence property, and stability at room temperature (Li et al., 2019). 

Consequently, their applications are explored in bioimaging, drug delivery, and 

chemical/biological sensing (Devi et al., 2019). Additionally, carbon dot’s enzyme-like 

activity has also attracted wide interest because of their potential to replace the naturally 

occurring enzymes, as the latter is ordinarily unstable, expensive, and challenging to 

synthesize on a large scale (Das and Goswami, 2020). 

 

1.2.1 Synthesis of CDs 

CDs being the rising star of fluorescent carbon nanoparticles have captivated 

the interest of the researchers for their application in various fields. Depending on the 

structure, CDs are classified as graphene quantum dots (GQDs), carbon nanodots 
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(CNDs), and polymer dots (PDs). GQDs have graphene layer/s that can be connected 

with functional groups. CNDs are spherical shaped, and they can be further divided into 

carbon nanoparticles and carbon quantum dots based on the crystal lattice. PDs are 

formed due to aggregation or cross-linking of polymers (Zhu et al., 2015). Therefore, 

different CDs may be devised and engineered to obtain the desired property by various 

synthetic routes. 

Diverse methods for the synthesis of CDs are known. Typically, the synthesis 

process can be grouped into two: top-down and bottom-up (Anwar et al., 2019). The 

top-down approach usually follows breaking-down/cleaving larger carbon molecules to 

smaller molecular structures, whereas the bottom-up approach involves building-

up/step-wise chemical fusion of small carbon molecules by pyrolysis or carbonization. 

Some known top-down approaches include electrochemical/chemical oxidation, laser 

ablation, and ultrasonic treatment, whereas the bottom-up approaches include 

hydrothermal/solvothermal, microwave-assisted, thermal decomposition, 

carbonization, pyrolysis, and ultrasonic treatment. Some prominent reports on the 

synthesis of CDs via these two routes are mentioned in Table 1.1. 

 

Table 1.1. Synthesis of CDs following top-down and bottom-up approaches. 

Precursors Synthesis 

route/Temp/ 

Time 

Types 

of CDs 

Size(nm)/QY (%) References 

 

QR, NaOH Ultrasonic/ 

RT/6 h 

CDs 2.99/27.7 (Gao et al., 2019) 

CA, PEG Ultrasonic/ 

RT/1 h 

CDs 2.38/NA (He et al., 2019) 

Soybean 

 

 

 

Ultrasonic/ 

NA/2 h 

 

NBDs 24/16.7 (Zhao et al., 

2019) 

 

 

Graphite, 

ethanol 

 

 

Laser Ablation 

800 nm, 150 fs 

 

 

CDs 

Fs 1.4/NA  

 

(Nguyen et al., 

2020) 

2Fs 2/NA 

Fd-2 1.1/NA 

Fd-10 1.5/NA 

DEASA, 

H3PO4 

Hydrothermal/ 

200 °C/2 h 

CDs 4.69/19.4 (Chen et al., 

2019) 

Jeera Hydrothermal/ 

250 °C/6 h 

CDs 6-9/5.33 (V. et al., 2019) 
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Tobacco Hydrothermal/ 

300 °C/3 h 

CDs 2.14±0.3/27.9 (Miao et al., 

2018) 

Cryptococc-

us 

Hydrothermal/ 

160 °C/1 h 

CDs 4-9/14.13 (Lu et al., 2019) 

TMA Hydrothermal/ 

260 °C/12 h 

CDs 4.3/13.4 (Jiang et al., 

2020) 

Agaricus 

bisporus 

Hydrothermal/ 

160 °C/12 h 

CDs NA/4.2 (Chandra and 

Singh, 2017) 

Chitosan, 

AA 

Hydrothermal/ 

180 °C/12 h 

CQDs 5/NA (Sun et al., 2018) 

CA, EA Hydrothermal/ 

180 °C/8 h 

CDs 4/NA (He et al., 2019) 

Folic acid, 

Glucose 

Hydrothermal/ 

210 °C/12 h 

CDs1 1.6/23.5 (Huo et al., 2019) 

CDs2 2.6/42.8 

Xylose, 

H3PO4, 

m-PD 

Microwave/ 

220 °C/10 min 

CDs1 6.80/73.6  

 

 

 

 

 

 

 

 

 

(Yang et al., 

2019) 

Xylose, 

H3PO4, 

m-PD 

Microwave/ 

200 °C/10 min 

CDs2 7.23/56.1 

Xylose, 

H3PO4, 

m-PD 

Microwave/ 

180 °C/10 min 

CDs3 6.80/40.9 

Xylose, m-

PD 

HNO3 

Microwave/ 

220 °C/10 min 

CDs4 9.88/65.3 

Xylose, m-

PD 

CH3COOH 

Microwave/ 

220 °C/10 min 

CDs5 8.83/49.5 

Xylose, m-

PD 

Microwave/ 

220 °C/10 min 

CDs6 6.87/42.8 

Xylose, m-

PD, 

Na3PO4 

Microwave/ 

220 °C/10 min 

CDs7 16.37/8 

Xylose, m-

PD, NaOH 

Microwave/ 

220 °C/10 min 

CDs8 10.70/6.8 

CA, EDA Microwave/ 

720 W/2 min 

CDs 4/24 (Xu et al., 2018) 

CA, urea Microwave/ 

750 W/5 min 

CDs NA/NA (Asadzadeh-

Khaneghah et al., 

2019) 

Anthracite 

coal, 

H2SO4, 

HNO3 

Pyrolysis in oil 

bath/ 

120 °C/24 h 

CDs 3.5/NA (Pandey and 

Balachandran, 

2019) 

CA, Glu, 

Asp, lysine 

Thermal 

Pyrolysis/ 

200 °C/30 min 

CDs 4/8.8 (Pan et al., 2019) 
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CA, 

acrylamide 

Solvothermal/ 

200 °C/4 h 

CDs 9.5/NA (Gao et al., 2018) 

CA Oven/ 

200 °C/1 h 

CDs 3/NA (Liu et al., 2019) 

Fs: single-pulse ablation (Fsingle=50 Jcm-2); 2Fs: single-pulse ablation (2Fsingle); Fd-2: double-pulse ablation 

(τdelay=2ps); Fd-10: double-pulse ablation (τdelay=10ps). 

The different physicochemical properties like the degree of carbonization, 

crystallinity, size, morphology, and photoluminescence properties are attained 

depending on the type of synthesis method and the precursor molecule. For instance, 

the hydrothermal method is less harsh than the pyrolytic method, but the former 

generally yields incomplete carbonization, molecular fluorophores, amorphous CDs, 

whereas the latter predominantly yields graphitic core structures. The functional groups 

like amine, carboxyl, and hydroxyl on the surface of carbon dot can modify the 

physicochemical properties, biocompatibility, and stability, thus influencing the 

selectivity, and sensitivity of the CDs in the analytical applications. Additionally, the 

molecular precursor used for the synthesis of CD influences the degradation process 

and other environmental behaviour (Frank et al., 2020). 

As stated before, various ranges of CD materials with different properties could 

be achieved by different synthesis conditions. It has been recently observed that if 

bottom-up synthetic approaches are followed, high PL quantum yield (QY) results. Due 

to the harsh conditions being applied in the bottom-up synthesis approach, multiple 

side-products may be produced along with the CDs. Citrazinic acid and other small 

fluorophore derivatives are produced while synthesizing the nitrogen-doped CDs from 

citric acid, contributing to the emission in the blue spectral range. Such molecular 

species and polymerized nanoparticles may attach to the CDs to enhance the optical 

properties (Schneider et al., 2017; Zhu et al., 2016). 

 

1.2.1.1 Heteroatoms Doped-CD Synthesis 

The inherent properties of the CDs can be modulated by doping with 

heteroatoms such as nitrogen (N), phosphorus (P), sulfur (S), boron (B), and fluorine 

(F), individually or in various combinations during the synthesis. The introduction of 

the heteroatoms further adds new electronic, chemical, and optical functionalities to the 

CD, thereby broadening its application. Depending on the type of element, doping is 

categorized into non-metal and metal doping.  
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1.2.1.1.1 Non-Metal Doping  

Nitrogen-doped (N-doped) CDs are the most commonly explored type of non-

metal doping because of the closer electronic structure with that of carbon. The N-doped 

CDs are fabricated by introducing the nitrogen element to the dot’s core. For the first 

time in a study, multicolour emissive CDs were synthesized using inorganic ammonium 

salt via a solvothermal method. The synthesized CDs with increased nitrogen content 

resulted in a high quantum yield of ~4 % and led to the introduction of new functional 

groups like cyano. However, because of the multicolour emissive property, these CDs 

have also opened up various applications for sensing and antibacterial activity (Ju et al., 

2018). The N-doped CDs developed by using Lantana camara berries via a simple 

green approach exhibited a good quantum yield (QY) of 33.15 %, high stability, high 

biocompatibility. Additionally, the N-CDs could also detect Pb2+ with high sensitivity 

and selectivity (Bandi et al., 2018). Red emissive N-doped CDs were synthesised from 

citric acid and ethylenediamine through a microwave-assisted pyrolysis method. During 

the synthesis, the effect of the molar ratio of ethylenediamine to citric acid, pyrolysis 

time, and the concentration of the reactants was taken into consideration. The optimized 

molar ratio between amine/acid was found to be 0.75 with an exposure time of 88 s in 

1100 W microwave power. The fabricated N-doped CDs displayed remarkable 

biocompatibility, and can further be used in bioimaging applications (Karakoçak et al., 

2018). In most instances, the CDs synthesis with co-doping enhances the properties of 

the nanomaterial. Interestingly, human fingernails as precursor was used to fabricate N, 

S co-doped CDs through a simple microwave irradiation procedure that exhibited good 

stability and a QY of 42.8 %. More importantly, the method does not require any 

passivating agent or a passivation step for the synthesis. The N, S co-doped CDs were 

employed to detect a synthetic dye, sunset yellow, and in cell imaging (Chatzimitakos 

et al., 2018).  

 

1.2.1.1.2 Metal Doping 

Doping CDs with metal ions can modify the charge density and surface 

properties, thus effectively tuning the optical features of the nanomaterial. For instance, 

the Cu-doped CDs exhibited enhanced peroxidase-like activity due to the enhancement 

of the electronic properties and modification of the surface properties after the 

introduction of the metal ion (Duan et al., 2019). In another study, the developed Cu-
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doped CDs using ethanediamine and copper chloride dihydrate (CuCl2.2H2O) as 

precursors possessed notable photostability for up to 60 mins. Then again, manganese 

doped CDs (Mn-CDs) displayed excellent fluorescence QY (>54.4 %). By using 

spectroscopic techniques and DFT-based frontier orbital calculation, it was found that 

the high QY is due to the change of the oxidation state of Mn from Mn-oxide to Mn-

carbonate during the synthesis (Xu et al., 2018). Some more examples of metal-doped 

CDs are given in Table 1.2 for further reference.  

 

Table 1.2 Synthesis of heteroatoms doped CDs following top-down and bottom-up 

approaches. 

Precursors Synthesis 

route/ 

Temp/Time 

Types of 

CDs 

Size (nm)/ 

QY(%) 

References 

Cryomilled 

graphite, DMF 

Laser 

Ablation/ 

800 °C/3 h 

N-CDs 3/4.05 (Novoa-De León 

et al., 2019) 

2-

aminopyrimidi

ne-5-boronic 

acid 

Laser 

Ablation/ 

170 mW/1014 

Wcm-1 

N, B-CD 3/58 (Kipnusu et al., 

2020) 

Graphite rods 

and ammonia 

hydroxide 

Electrochemic

al and 

Ultrasonic/ 

80 °C/3 h 

N-CDs 3-5/NA (Wu et al., 2019) 

L-tryptophan, 

chlorhexidine 

acetate 

Hydrothermal/ 

200 °C/12 h 

N-CDs ~4.0/NA (Chu et al., 2020) 

P. acidus, aq. 

ammonia 

Hydrothermal/ 

200 °C/12 h 

N-CDs 5/12.5 (Atchudan et al., 

2019) 

PVP Hydrothermal/ 

200 °C/6 h 

N-CDs 6.5/6 (Milenkovic et 

al., 2019) 

EDA, 

CuCl2.2H2O 

Hydrothermal/ 

180 °C/10 h 

Cu-CDs 1.8/7.8 (Fang et al., 

2019) 

Aphen, CA Hydrothermal/ 

200 °C/7 h 

AC-CDs 25/52 (T. Zhang et al., 

2019) 

OPD, ABPA Hydrothermal/ 

160 °C/6 h 

B,N-CDs 4.09/8.56 (Wang et al., 

2020) 

Mn(III)(C5H7O

2)3 

Hydrothermal/ 

200 °C/12 h 

MnOx-

CDs 

5.65±0.30/ 

11.3 

(Li et al., 2020) 

Sucrose, 

nitrobenzene, 

nitrosobenzene 

Hydrothermal/ 

180 °C/12 h 

CD-NO, 

and 

CD-NO2 

gCD 11/21 (Srivastava et al., 

2020) rCD 13/18 

CA, EDA  

 

Microwave/ 

N-CDs ~5/95, 11  

 CA, EDA, 

sodium borate 

B-CDs ~5/63, 9 
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CA, EDA, 

K2PO4 

300 W/10 min P-CDs ~5/63, 6 (Mondal et al., 

2019) 

 

p-PDA, EDA Microwave/ 

500 W/20 min 

N-CDs 4.8/14 (Ding et al., 

2018) 

TSCDH, Urea, 

DMF 

 

 

Solvothermal/ 

160 °C/4 h 

N-CD11 

 

4.5/21.6  

 

(Shen et al., 

2018) 

 

TSCDH, Urea, 

DMAC 

N-CD12 4.5/18.7 

TSCDH, Urea, 

DEF 

N-CD21 4.5/17.6 

H2O2, ethanol, 

NH3 

Solvothermal/ 

180 °C/NA 

N-CDs 2.15/56.1 (Zhan et al., 

2018) 

CA, PD Solvothermal/ 

170 °C/4h 

Y-CDs 7.2/24 (Yan et al., 

2019b) 

CA & DAN Solvothermal/ 

160 °C/6 h 

HCP-

DB-CDs 

2.4/70±10 (Yuan et al., 

2020) 

PAA, CuN, 

HH, 

(NH4)2S2O8 

Carbonization/ 

Polymerization 

and 

Pyrolyzation 

Stirring/24 h 

& 

400 °C/90 min 

Cu-CDs 2.8/36  

 

 

(Wang et al., 

2019) 

 

 

Willow Catkin, 

Urea & H2SO4 

Combustion N,S-CDs 7.3/14.3 (Cheng et al., 

2019) 

Na2[Cu(EDTA)

] and Ascorbic 

acid 

Thermolysis 

250 °C/2 h 

Cu-CDs 3.48/9.8 (Mu et al., 2019) 

 

 

1.2.1.2 Surface Passivation and Functionalization of CDs 

Apart from doping, the intrinsic properties of the CD can be effectively tuned 

during their synthesis by tailoring the surface chemistry via surface 

passivation/functionalization. During the process of surface passivation, functional 

groups like -OH, -COOH, -NH2, are introduced onto the surface of the CDs, which 

further enhance the physical property such as solubility and specific chemical reactivity 

in general as well (Li and Dong, 2018). In a study, Bai et al. demonstrated that the 

polydopamine (PDA) passivated CDs exhibited triple times more QY than the original 

CDs in the absence of PDA and also displayed 1.5 times enhancement of nucleation site 

for CD formation (Bai et al., 2018). 
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The surface functionalization of the CDs with different precursors such as L-

cysteine (N, S), ethylenediamine (N), and glycine (N, O) resulted in high fluorescence 

QY and improved selectivity for different metal ion detection due to different binding 

abilities (Radhakrishnan et al., 2019). Understanding the interaction between the CD 

system and the passivating agents is crucial to tailor the CD's fluorescent properties. 

For example, the synthesis routes influence the CD-polymer nanoparticle system's 

interaction that ultimately influencing the photoluminescence property (Momper et al., 

2018).  Ions like Zn2+ were also used to develop passivated CDs using zinc gluconate 

by pyrolysis method of synthesis. The presence of Zn2+ during the synthesis prevents 

aggregation and improves the stability and optical property of the synthesized CD 

(Yang et al., 2018).  

The passivation methods and surface functionalization are followed not only to 

produce better stability and improve the PL intensity but also to enhance other vital 

characteristics of CDs. Chirality is very important in terms of catalysis, chiral 

recognition, and even sensing. Recently, Rao and the group developed a strategy using 

the surface passivation method to prepare chiroptical carbon quantum dots via two steps 

pyrolytic route. They used tartaric acid and citric acid as carbonaceous sources while 

producing carbon core, whereas D/L-penicillamine molecules were used to surface 

passivating agents. In order to retain the chiral information, one of the critical findings 

of the study was to maintain the reaction temperature lower than the melting point of 

the ligand in the second pyrolytic step. Interestingly, the strategy did not depend on the 

chirality of the carbon source (Rao et al., 2019). The effects of surface functionalities 

of CD during cellular uptakes is another interesting study. Here, the CDs which were 

passivated with two chemical moieties, 3-ethoxypropylamine (EPA-CDs) and 

poly(ethyleneimine) (PEI-CDs) were considered to evaluate their uptake mechanism, 

pathways, and effects in HeLa cells (human cervical carcinoma cells). As expected, the 

internalization pathways of the two CDs were different in the HeLa cells; however, the 

efficiency of the internalization process with PEI-CDs was higher in comparison to the 

EPA-CDs. The different moieties present on the surface of CDs could affect the overall 

behaviours of CDs uptake (Yan et al., 2019). 
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1.2.1.3 Characterization of CDs 

The unique and typical properties of CDs are exhibited due to their size, shape, 

chemical skeleton/composition, and structure. So, there have been continuous attempts 

to explore robust and reliable techniques for their characterization. In this section, some 

of the updated characterization techniques for CDs are discussed briefly as the 

characterization of CDs has been discussed more in recent reviews and chapters 

(Jelinek, 2017; Xu et al., 2019; Zhao et al., 2020). 

 

1.2.1.3.1 Microscopic and Diffraction Techniques 

Non-destructive imaging and microscopic techniques are used to study 

morphology and different dimension of nanosized particles. Some of the techniques 

which are being routinely explored for the measurements of CDs are transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), atomic force 

microscopy (AFM), X-ray diffraction (XRD). 

The morphology, size distribution, or particle size of CDs can be investigated 

using TEM and SEM. These techniques can be used to determine the agglomeration or 

dispersion of the prepared particles as well. SEM technique is employed to investigate 

if the particle size ranges from 1–20 nm, and in case if the measurement exceeds the 

resolution of SEM, TEM, which could offer better-resolving power, is more advised. 

Nowadays, high-resolution TEM (HRTEM) is extensively used to study the structure 

and crystalline nature. To understand dimensional surface images of CDs, AFM is being 

used to obtain 2D images and 3D information of the surface morphology and 

topography of CDs. Depending on their diffraction patterns, crystalline materials can 

be characterized by XRD. Thus, the particle size, crystal structure, and purity of CDs 

are investigated through this technique. It is a valuable characterization technique to 

obtain crystallite features, but the technique could also be used to study amorphous CDs 

(Kang and Lee, 2019; Zhu et al., 2015). 

 

1.2.1.3.2 Spectroscopic Techniques 

Spectroscopic techniques can characterize the synthetic features of CDs. Some 

of the commonly used spectroscopic tools are ultraviolet-visible spectroscopy (UV-
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Vis), Fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance 

spectroscopy (NMR), photoluminescence spectroscopy (PL), and Raman spectroscopy. 

FTIR determines and identifies the functional groups such as carbonyl (-C=O), 

amine/amide (-NH2/-CN), hydroxyl (-OH), ether/epoxy (-O-), and others that are 

present on the surface of the CDs. The presence of moieties and heteroatoms in CDs 

such as boron (B), nitrogen (N), sulphur (S), silicon (Si), and phosphorus (P) could be 

identified using such technique. The fine structure information of metal-doped CDs 

such as aluminium (Al), nickel (Ni), or magnesium (Mg) can be further characterized 

by X-ray photoelectron spectroscopy (Zhao et al., 2020). 

Another important spectroscopic technique is Raman spectroscopy, a non-

destructive and non-invasive method to identify the CDs state. Generally, Raman 

spectra of CDs have two first-order bands, i.e., D- and G-band. D bands signify the 

vibration of carbon atoms of disordered graphite or glassy carbon, whereas the G band 

represents the vibration of  sp2 carbon atoms. The degree of purity or graphitization of 

CDs could be estimated by the ratio of D band and G band (D/G). A high D/G ratio 

indicates the amorphous nature, and a high degree of graphitization gives a relatively 

lower D/G ratio. 

NMR usually employs to understand the structural information of CDs further. 

The presence of sp2 carbon, sp3 carbon, functional groups like -C=O, -NH2, and -OH 

can be distinguished with the resonance spectroscopy. 13C-NMR could be used to 

distinguish further and confirm the presence or absence of aliphatic carbon or aromatic 

carbon on the CDs skeleton. The optical properties of CDs are extensively investigated 

with the help of UV-Vis and PL spectroscopic techniques. The absorption and the 

photoluminescence properties of CDs are explained more in the later part of the review. 

One of the powerful tools to elucidate the chemical structure of smaller-sized 

nanoparticles is mass spectrometry (MS). Some of the MS techniques which have been 

applied and used to characterize CDs are electrospray ionization quadrupole time-of-

flight tandem mass spectrometry (ESI-Q-TOF-MS/MS), inductively coupled plasma-

mass spectrometry (ICP-MS), and matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI-TOF-MS) (Tajik et al., 2020; Wang et al., 2019). 
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1.2.2 Properties of CDs 

CDs are fascinating nanomaterials with remarkable inherent physical and 

chemical properties that allow their application in diverse fields. Therefore, an in-depth 

study and understanding of the CD's optical, physical, and chemical properties are 

essential to further improve its characteristics in order to broaden its applications. 

 

1.2.2.1 Physical property 

 

1.2.2.1.1 Chemical Structure 

CDs usually are less than 10 nm with quasi-spherical nanosized carbon particles. 

However, as mentioned earlier, synthesis routes dictate the various chemical structure 

of CDs. For instance, GQDs are anisotropic with a crystalline structure of one or more 

graphene layers. Different analytical techniques such as microscopic, spectroscopic, 

spectrometric, and diffraction methods are employed to confirm and ascertain the 

morphology, functional groups, size distribution, and crystalline nature of CDs. For 

example, the morphology of microstructure CDs-based lubricants following the 

ultrasonic approach was studied with TEM and HRTEM and found to be 2.38 nm on 

average and highly crystalline with 0.21 nm lattice spacing and (100) graphene plane 

(He et al., 2019). The structural elucidation of defects and or graphitization could be 

further confirmed with Raman spectrometry by analysing the G band and D band. By 

following the pulsed laser ablation synthesis method, nitrogen-doped GQDs were 

prepared and obtained a 3 nm particle size by Neon and co-workers. The as-prepared 

N-GQDs exhibited 1565 cm−1 as G band and 1311 cm−1 as D band in Raman spectrum, 

confirming the disordered structure (Novoa-De León et al., 2019). XRD is a powerful 

instrument to characterize the physical state of the synthesized CDs. The amorphous 

character of CDs is observed as a broad hump, which is centred in and around ~2θ = 

26° in the XRD profile. Nearly spherical amorphous clusters of ~4–18 nm diameters 

were observed in the self-passivated CDs from dextrose by following the 

ultrasonication approach (Siddique et al., 2018). 
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1.2.2.2 Chemical and Optical Property of CDs 

 

1.2.2.2.1 Ultraviolet-Visible Absorption Analysis 

The basic chemical structure of CDs can be significantly elucidated by the 

typical UV-Vis spectral analysis.  The presence of π-π* (C=C) and n-π* (C=O, C-N, C-

S, etc.) transition of the CDs skeleton indicates the type of surface functional groups, 

routes of CD synthesis, precursors, and chemical environment. For example, the 

absorption bands of CDs at around 273 nm and 342 nm may imply sp2 hybridization of 

the π and n-π* transition, respectively (Chen et al., 2019). Again, the combination of 

the same carbon but different nitrogen sources also influences the absorption bands 

position (Khan et al., 2018; Yuan et al., 2020). The presence of heteroatoms (such as 

N, O, P, B, S, Se, etc.) in the CD's molecular structure also results in the fluctuations of 

the UV-Vis peaks. The N, S-CDs fabricated from 3-aminothiophenol via a one-pot 

hydrothermal method showed two absorption shoulders at 298 nm, and 354 nm 

attributed to n-π* transition and heteroatoms N and S surface states defect, respectively 

(Dong et al., 2019).  

 

1.2.2.2.2 Photoluminescence Analysis 

The most impressive characteristic feature of CDs is the photoluminescent (PL) 

or the fluorescent property, which has allowed them to expand their field of 

applications. The PL of CDs is influenced by surface chemistry, quantum size effect, 

and molecular states of the carbon core. The upconversion photoluminescence (UCPL) 

in the near-infrared region carbon dots (NIR-CDs) may be because of the thermally 

activated electron transition from S1-edge to S1-Int in the excited state as shown in Figure 

1.2 a (Li et al., 2019).  The various synthetic approaches (as shown in Table 1 and 2) 

along with different starting materials result in the generation of CDs with unique 

structures and different luminescent behaviors such as white, blue, green, yellow, red, 

and deep ultraviolet emission. Since the CDs are fabricated from variable carbon 

sources via different routes, the PL behavior also depends on the size, solvent, pH, and 

many more. Generally, due to the diverse electronic transition pathways, the CDs 

exhibit broad, symmetrical luminescence spectra across the whole wavelength scale. 

Various energy levels may be created by O-containing groups (named as O-related 

defect state), P-containing groups (named as P-related defect state), and N-containing 
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groups (named as N-related defect state) on sp2 hybridized carbons of the synthesized 

CDs as shown in Figure 1.2 b (Yang et al., 2019). Moreover, compared to the quantum 

dots and other organic dyes, the CDs usually exhibit large Stokes shifts. The QY of the 

CDs depends on the surface chemistry and preparation methods. Yellow-emissive CDs 

from anhydrous citric acid and 2,3-phenanzinediamine were prepared that exhibited 

large Stokes’s shift (188 nm), excellent stability, and 24 % QY (Yan et al., 2019b). In 

another study, multicolour PL emissive CDs were synthesized from m-

phenylenediamine (m-PD) and o-phenylenediamine (o-PD) and in the presence and 

absence of tartaric acid as the starting materials. Tartaric acid played a crucial role in 

tuning the surface state of CDs, such as the increase in surface oxidation and 

carboxylation. In the presence of tartaric acid (TA), the CDs from m-PD and o-PD 

exhibited green colour and red colour respectively whereas, in the absence of TA, CDs 

from m-PD and o-PD exhibited blue colour and yellow-green colour respectively. In 

particular, the red-CDs exhibited a high QY of up to 22 %. (Jiang et al., 2019).  The 

doping of CD changes the excitation-dependent PL. In a study, the emission of a bare 

CD that was found to be excitation-independent, showed a large red shift when it was 

doped with nitrogen. The reason is ascribed to the superimposition of blue (intrinsic 

molecular centers) and green emission bands (extrinsic molecular centers). In the 

emission process, the energy is transferred from the electron-hole pair formation at the 

intrinsic centers of the core to the extrinsic surface centers. Due to the surface defects 

and hybrid nanostructure in the mesoporous matrix, the contribution of the two bands 

modified, enhancing the tunability of the emission, thus promoting the green PL from 

blue emission. Besides, the QY of the CDs was found to vary, for the bare CDs (1.4 %), 

N-doped CDs (22 %), and purified N-CDs (28 %) (Carbonaro et al., 2018). In another 

study by Kipnusu and co-researchers, nitrogen and boron-doped CDs exhibited 

enhanced intersystem charge transfer (ICT) due to the presence of donor-acceptor 

moieties. Due to the ICT, the synthesized CDs produced triple color emission as shown 

in the Figure 1.2 c (Kipnusu et al., 2020). The properties of PL are controlled by the 

surface functionalization of CDs as well. Recently, surface functionalization was shown 

to enlarge and narrowed band gap energy. The fluorescence of synthesized CDs could 

be quenched by tetracycline (TC) due to inner filter effect, whereas by introducing 

chlorotetracycline (CTC), blue-shift fluorescence was induced which may be due to 

enlarge energy band gap, and upon introducing oxytetracycline (OTC), fluorescence 

experienced red shift which could be because of the narrowed band gap as shown in 
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Figure 1.2 d (Miao et al., 2018). In a recent report, the addition of a long-alkyl chain to 

the CDs promoted the emission of white luminescence under UV light (365 nm), which 

may be due to the inhibition of the aggregation-caused quenching effect. Additionally, 

the alkyl chains can effectively interact with the lipophilic fatty residues that can 

increase the potential applications of the developed white-CDs (Jiang et al., 

2018). Metal ion-dependent PL quenching of CDs has become a known phenomenon.  

In a report, the quenching mechanism has been identified as the photoinduced transfer 

of electrons from amine functional groups of the CDs to the respective metal ions 

(Mintz et al., 2018). 

 

 

Figure 1.2. The band gap and transition of various colour exhibited by CDs (near 

infrared CD: NIR-CD, red-CD: r-CD, yellow CD: y-CD, green CD: g-CD, blue CD: b-

CD, white CD: w-CD). (i) Proposed mechanism of up-conversion PL in Near IR (NIR) 

CDs, (ii) Proposed mechanism of CDs with O-defects, P-defects and N-defects states. 

(iii) Energy diagram of the CDs indicating the role of intersystem, charge transfer. (iv) 

Band gap transitions of CDs by introducing CTC, TC, and OTC (Das et al., 2021b). 
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1.2.2.2.3 Electron Transfer of CDs 

Typically, CDs can act as both an electron acceptor and donor. In an interesting 

study, considering the exceptional electron mobility property of the CDs at room 

temperature, CDs functionalized with ionic liquid were fabricated for their application 

as nanofluid in the field of energy. The nanofluids comprising of organic/inorganic 

hybrid systems could be used as electrolytes and separators for energy storage. Highly 

conductive CDs, CDs/[Bmim]Cl/[Tmi][Trif] and CDsCHI/[Bmim]Cl/[Tmi][Trif], 

could be entrapped in poly(vinyl alcohol) membrane, which exhibited high proton 

conductivity. Moreover, the nanofluid's features remain constant for four months, even 

on wetting/drying cycles (Gonçalves et al., 2020). One of the most common 

applications of CDs is in the field of photocatalysis. The photocatalytic performance of 

the graphitic and amorphous CDs, which were synthesized using fructose, glucose, and 

citric acid, was investigated. In this study, the type of carbon source and the synthesis 

route that ultimately determines the potential of the photoelectron transfer determined 

the CD’s structure and optical properties (Emanuele et al., 2020). Pure carbonaceous 

CDs (without dopants) in graphitic form exhibited better photoactivity than the 

amorphous one, whereas, in the case of nitrogen-doped CDs, the amorphous CDs 

exhibited better photoredox-activity due to the presence of photo-active molecules. The 

graphitic defects and the dopant can quench each other, which reduces the photoactivity 

(Cailotto et al., 2018). 

Heteroatom doping in carbon materials has long been used to create active 

catalytic sites and increase oxygen reduction reactions (ORR) in electrocatalysis. The 

performance of carbon-based catalysts, composites of doped CD and reduced graphene 

oxide (CD/rGO), and directly doped rGO were studied. In the finding, CD/rGO 

outperformed in ORR measurement to their corresponding counterparts, and it’s noted 

that N, S-co-doped too performed better than the individual doped N-CDs or S-CDs. 

Some of the reasons for such behaviour could be the synergistic effects of N, S-co-

doping providing four-electron transfer pathways in ORR, active sites of on the CD 

surfaces and located at the edges/defects in abundant, which may have more 

accessibility to oxygen molecules. Another reason could be the effective components 

like graphitic N atoms and C-S-C/S-N species where current density and half-wave 

potential could be improved (Zhang et al., 2019).  
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1.2.2.2.4 Cytotoxicity and Photostability of CDs 

CDs are mostly known for their fascinating biocompatibility and relatively less 

toxicity, thus fulfilling the required conditions for diverse applications. The cytotoxicity 

of CDs, both in vitro and in vivo conditions, are extensively investigated. Moreover, 

CD's photostability is a crucial characteristic that can be explored for its efficient use as 

stable fluorescent probes. As the name suggests, photostability here means the labelled 

cells fluorescence intensity remains stable for a considerable time. With this property, 

CDs are growingly used in cell imaging. Semi-conductor quantum dots were used in 

bioimaging methods because of their better photophysical properties than organic 

chromophores. The use of the conventional metal-based QDs for biomedical 

applications is limited because of toxicity of the heavy metals like Pb, Cd present in 

these nanomaterials. Since CDs are free from toxic heavy metals and possess high 

photostability, these are used in the bioimaging fields and medical diagnosis as 

well. However, a report of the low toxicity of metal chelated CQD is available.  A CQDs 

from citric acid and polyethylenimine was synthesised and covalently conjugated with 

1,4,7,10-tetraazacyclononane (DOTA) to chelate lanthanide ion (Ln = Eu, Tb, Yb, and 

Gd). The CQDs-DOTA-Ln exhibited low cytotoxicity against Hela cells even at its high 

concentrations (500 µg mL-1) (Wu et al., 2019). However, the synthesis of metal-doped 

CDs is time-consuming, complicated, involves multiple steps, and requires post-

synthetic treatments. In a recent development, ruthenium-containing CDs (Ru-CDs) 

were fabricated using a simple and efficient strategy. The developed CDs exhibited 

enhanced red fluorescence compared to the bare CD and Ru-complex and were 

employed as bioimaging agents for tumour cells and as photodynamic nanoagents for 

cancer therapy (Yue et al., 2020). 

1.2.2.2.5 Emerging Property: Chirality of CDs 

More recently, efforts have also been made to develop chiral CDs for their 

application in a myriad of areas ranging from sensing of chirality, separation of chiral 

molecules, chiral catalysis, bioimaging, and biomedicine. Among the two types of CD 

synthesis approaches, the “bottom-up” approach usually generates better chiral CDs as 

the precursor molecules themselves are chiral and therefore do not need the introduction 

of chiral ligands during the synthesis process (Ru et al., 2020). A hybrid CD/CNC 

(cellulose nanocrystal) nanoparticle synthesized via hydrothermal route showed a 
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dissymmetry factor of 0.2, which is higher than that of the reported dye/CNC hybrids. 

Furthermore, the nanoparticle displayed higher left-handed circularly polarized 

luminescence (CPL) emission than right-handed CPL emission. Based on the 

significant findings, these hybrids have a promising application to remove 

autofluorescence drawbacks in bioimaging. The CD/CNC hybrids can also be 

effectively employed in sensing, drug delivery, and photonic applications as mirror-free 

cholesteric lasers (Chekini et al., 2020b). In another interesting study, using the concept 

of donor–acceptor complex formation between CDs and porphyrins, the chirality of the 

carbon nanodots was transferred to the porphyrin. This experimental finding provided 

the possibility of forming chiral composites for different applications (Ðorđević et al., 

2018). In another approach to enhance the material property for biomedical 

applications, chiral CDs derived from glutamic acid were doped into gels as the latter 

display superior biocompatibility. An important aspect of such a doping process is the 

requirement of chiral match ability between the CD and the gelator, which would 

otherwise lead to the disintegration of the gel. It was shown that the doping of the chiral 

CD with the gelator (N,N-bis(octadecyl)-D-aminoglutamic diamide) to form gel 

resulted in the fluorescence enhancement of the CD. The enhancement was assumed to 

be the restriction of Brownian motion in the gel system that otherwise is responsible for 

decreased fluorescence intensity in the liquid system due to collisions between the CDs 

(Zhou et al., 2020). Fluorescence off-on sensors have an enormous demand for the 

development of smart monitoring systems. Using chiral CD synthesized from citric acid 

and L-aspartic acid, an on-off and off-on fluorescence sensor was developed to detect 

both Sn2+ ion and L-Lysine enantiomer. While the binding of Sn2+ on the surface of the 

CD resulted in fluorescence quenching (on-off), the addition of L-Lysine to the CD-Sn 

complex resulted in the enhancement of the fluorescence (off-on) as the L-Lysine 

preferentially has a stronger binding affinity for Sn2+ thereby recovery of the CD’s 

fluorescence (Gao et al., 2020). 

 

1.2.3 Photoluminescence (PL) Mechanism of CDs 

Even though the research of CDs is thriving, the exact PL mechanism of the 

CDs is still in debate.  Some of the most acceptable PL mechanisms include quantum 

confinement and surface states-based explanations. In brief, when semiconductors 

exhibit properties like size-dependent energy and bandgap transition in the nanometer 
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scale due to the distribution of electrons in the crystal boundary, such behavior of the 

materials is known as the quantum confinement effect (QCE). The CDs have a band 

gap that is non-zero, hence exhibiting fluorescence phenomenon under excitation. 

Additionally, the PL mechanism of CDs could be closely related to surface chemistry, 

like the presence of functional groups or the surface oxidation states. The diverse 

surface functional groups such as -C=O, -COOH, -CN, -NH2, -OH can give rise to 

distinct fluorophores and energy levels. Besides, the surface defects are directly 

proportional to the extent of surface oxidation that influences the emission wavelength 

of the CD. 

In a new development, the reported CDs with high QYs (up to 80 %) exhibited 

green and red reversible switching photoluminescence. The green CDs were 

synthesized from 3, 4, 9, 10-nitroperylene in an alkaline solution, whereas the red CDs 

were developed by modifying the surface electronic state of the green CDs by adding 

alkali. The red emission was due to the narrow band gap, which is further influenced by 

the surface electronic state, as shown in Figures 1.3 a (Yuan et al., 2018).  In another 

interesting study, the PL of CD and ionic liquid were found to be similar. The 

energetically different associated structures in the ground state of the CD govern the 

fluorescence response (Roy et al., 2018). 
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Figure 1.3. (a) Energy levels (HOMO and LUMO) of G-CDs and R-CDs (left 

side); Luminescence mechanism (right side). (b) Excited-State for Doped C-Dots 

at Core State and Surface State, (Das et al., 2021b). 

The surface functional groups on CD play a crucial role in modifying the PL 

properties. In a report, the CDs from four types of lysine derivatives with different 

quantities of amino and carboxyl groups were prepared. The CDs with a higher number 

of functional groups from the precursors resulted in a higher degree of cross-linking, 

which could lead to fluorescence enhancement and better stability (Yang et al., 2020). 

Besides, the electronic acceptor levels of CDs were influenced by the electronic states 

of core and ground. The interactions such as hydrogen bonding and affinity behavior of 

the CDs could be determined by the chemical nature of the surface groups (Ren et al., 

2019).  In another study, the catalytic activity of the CDs was studied with different 

surface modifications. Two different CDs were synthesized from poly(ethyleneimine) 

(PEI-CDs) and citric acid (CA-CDs) which were then used to monitor the peroxidase-

like activity in the presence of the substrates like 3, 3’, 5, 5’-tetramethylbenzine (TMB) 

and 2, 2’-azino-bis(3 ethylbenzothiazoline-6-sulfonic acid (ABTS). Interestingly, the 

TMB exhibited a higher affinity to the negatively charges CA-CDs, whereas the ABTS 

showed a higher affinity to the positively charged PEI-CDs (Shi et al., 2019).  The 

surface modification controls the optoelectronic behavior of the CDs like band gap 

energy, quantum tunnelling, or yield of triplet excitons. Behera et al. studied three 

different surface states of CDs (oxidized CDs, reduced CDs, untreated CDs) that had 

not much alteration in the physical dimensions. They noticed that the spectral signature 

of singlet and triplet excited states and the charge transport properties differed from 

each surface state. Moreover, this study also emphasized the redox-based surface 

modification as oxidized CDs exhibited a small barrier height compared to the reduced 

CDs (Behera et al., 2019). The influence of CDs bearing different surface amine-

derivative ligands on device performance, such as hole transport materials in inverted 

hybrid LEDs, was studied recently by Paulo-Mirasol's group. They highlighted that the 

different surface ligands would affect the optical properties and other parameters like 

device turn-on voltage and luminance. Besides, varying results were also observed for 

CDs capped with aromatic rings and nonaromatic ligands (Paulo-Mirasol et al., 2020). 

Doping of CDs with non-metallic ions influences the nanomaterial properties, 

which further affects the PL mechanism. In a study, the dynamics of the excited-state 
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with nitrogen-doped, boron-doped, and phosphorus-doped CDs were investigated. It 

was observed that the relaxation time profoundly depends on the doping type within the 

core structure. Further, doping also influences the carbon atom's charge delocalization 

that ultimately affects the solvation time as shown in Fig. 1.3 b. Besides, the N-doped 

CDs exhibited the highest charge carrying capacity, followed by P-doped and B-doped. 

The breaking of π-π stacking and formation of defects in the P-doped and B-doped CDs 

was responsible for low charge carrying capacity (Mondal et al., 2019). 

Another fascinating new insight of PL is the possible contribution from the small 

molecular fluorophores. In a recent development, it has been observed that the PL of 

the CDs could be increased due to the presence of small fluorophore molecules if the 

bottom-up synthetic route is followed (Xiong et al., 2018; Zhu et al., 2016). The 

presence of molecular fluorophores and their aggregates may or may not be CDs and 

may misguide to understanding the structure-property correlation. Such fluorophores 

could be embedded in between the polymeric carbon dots and thus exhibit enhanced 

optical properties in absorption and emission spectra due to the possible synergistic 

effects (Ehrat et al., 2017; Xiong et al., 2018). The impact of such molecular 

fluorophores may be depending on the arrangement and position with CDs. Langer and 

co-workers reported 5-oxo-1,2,3,5-tetrahydroimidazo-[1,2-α]-pyridine-7-carboxylic 

acid (IPCA), a molecular fluorophore formed in CDs derived from citric acid and 

ethylenediamine, showed a tendency to interact and self-assemble into a stacked like 

system with the CDs. IPCA could also be incorporated and interacted with the core 

structure of CDs (Langer et al., 2020). Some of the moieties or molecular fluorophores 

not only enhance the optical properties but are also responsible for emission other than 

the actual CDs emission such as 4-hydroxy-1H-pyrrole[3,4-c]pyridine-1,3,6(2H,5H)-

trione (HPPT) (Kasprzyk et al., 2018), and hybrid luminescence in the solution (Sendão 

et al., 2019). 
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1.2.4 CDs in optical-based analytical applications 

As evident from the previous sections, the CD's inherent optical properties are 

remarkably altered in response to one or more external stimuli. Therefore, exploiting 

the CD's role in a variety of smart applications has become of intense interest. 

 

 

1.2.4.1 Photoluminescence 

One of the most fascinating properties of CDs is photoluminescence or 

fluorescence. The fluorescence phenomenon occurs when the electronically excited 

fluorophore relaxes from the singlet state to the ground state. Many recent studies have 

shown noteworthy advances in the field of fluorescence. CDs are frequently used as 

fluorescent probes for the detection of bioanalytes, small molecules, and ions. 

Most fluorescence-based detection methods use turn-on, and turn-off modes 

wherein the appearance or disappearance of the colour is sometimes difficult to 

differentiate. Therefore, to increase the visibility in biosensors, a combination of two 

fluorophores is often used, wherein only one of the fluorophores is sensitive to the 

analyte, and the other one is inert. Recently, using CD and rhodamine 6G (Rh6G) 

fluorophore, a ratiometric fluorescence-based experiment was designed for the 

detection of glucose in both the aqueous phase and on solid-state hydrogel film by 

employing glucose oxidase (GOx) and horseradish peroxidase (HRP) enzymes. The 

developed system resulted in the quenching of the blue-colour emitting CD, whereas 

the green-colour emitting Rh6G had no response and, therefore, with increasing 

concentrations of glucose in the CD/Rh6G/GOx/HRP, the colour of the fluorescence 

changed from blue to green. For the solid film detection, the CD/Rh6G/GOx/HRP was 

immobilized in a hydrogel film developed by UV curing of 70:30 (w/w) mixture of 

acrylic acid and diacrylate poly (ethylene glycol). The experimental results indicated 

that in contrast to the aqueous phase, the solid-state platform was much more selective 

to glucose, had high stability, and could be reused (Cho and Park, 2019). A ratiometric 

CD-based fluorescent probe for the detection of lead (Pb2+) and pyrophosphate (PPi) 

was synthesised. The CDs displayed a three-state "pink-cyan-pink" emission upon the 

addition of Pb2+ and PPi. The Pb2+ formed a coordination complex with the amine and 

porphyrin group on the surface of the CD that resulted in the quenching of the 

fluorescence. Interestingly, upon the addition of PPi, the CD's fluorescence was 
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recovered, attributed to the removal of Pb2+ from the CD's surface. Based on this, a fast 

and straightforward paper-based platform for the detection of Pb2+ and PPi was 

designed (Gao et al., 2019). 

In recent times, CDs have attracted attention for their potential applications in 

the field of optoelectronics. To this end, various designed strategy has been developed 

using CD as a fluorescence signal probe. Doping of the CD as an efficient strategy has 

many reports on the field.  For example, nitrogen and sulfur co-doped (N, S) CDs 

using O-Phenylenediamine (OPD) and sulfamide were developed that exhibited 

excitation-independent properties with bright red fluorescence. A mixture of N, S-CDs 

along with blue- and green-emitting CDs was used to develop white light-emitting 

polyvinylpyrrolidone (PVP) film that was subsequently layered on a UV-LED chip to 

design white light-emitting diodes (WLEDs). The fluorescence intensity of the 

developed WLEDs remained stable for 20 days and at varying temperatures. The 

polymer chains in the CDs generated repulsive forces that resulted in the stability of the 

WLEDs at different temperatures. Further, the fluorescence intensity of the N, S-CDs 

was quenched in the presence of water, and therefore was employed for the sensitive 

detection of water in organic solvents (Guan et al., 2019). Further, CD/hydrogel 

composites have also been used to obtain effective sensing platforms. Using cellulose 

nanofibrils (CNFs) and CDs, a novel fluorescent hydrogel was developed that displayed 

a high QY of 23.6 %. The CNF's natural skeleton and the amide, hydroxyl, and carboxyl 

groups on the hydrogel surface allowed the accumulation and adsorption of heavy metal 

ions. Further, the hydrogel's three-dimensional network generated channels for the 

diffusion of the ions from the outside to the inside of the adsorption sites, with high 

adsorption capacity for Fe3+, Ba2+, Pb2+, and Cu2+. Additionally, the hydrogel's 

fluorescence was rapidly quenched in the presence of Fe2+, and therefore, was applied 

for the visual optical detection of the ion. The quenching phenomenon is attributed to 

the constraints of the hydrogel's fluorescence excitation as a result of the adsorption of 

the Fe3+  (Guo et al., 2019). In another interesting study, an antibacterial wound dressing 

was developed from a nano colloidal hydrogel composed of CD/cellulose nanocrystal 

hybrid nanoparticles and gelatine. The hydrogel displayed high Fe3+ ion absorption 

capacity, limiting the accessibility of these ions required for the pathogenic bacteria’s 

growth at the infection site. As such, the hydrogel absorbed Fe3+ ion interacted with the 
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surface functional group of the CD that resulting in the quenching of the hydrogel’s 

photoluminescence (Chekini et al., 2020a). 

The CDs are also attracting interest for their application as nanothermometers 

due to their property to undergo alterations in their fluorescence property in response to 

temperature stimuli. Mohammed and co-workers reported boron and nitrogen co-doped 

(B, C) CDs that exhibited variation in the fluorescence intensity at different 

temperatures (0-90 °C) with a thermo-sensitivity of 1.8 % °C-1. Therefore, it can be 

employed as efficient nanothermometers. The temperature did not influence the CD’s 

surface fluorescent structure as the fluorescence intensity was easily reversed and 

restored when the temperature was increased and subsequently decreased (Mohammed 

and Omer, 2020). 

The optical-fiber technique in biosensing applications in recent times is highly 

sought-after. In one such development, a novel optical-fiber glucose biosensor 

exhibiting high sensitivity and continuous online detection of glucose has been 

developed. The end face of the optical fiber was immobilized following dip-coating 

method using carbon quantum dots (CQDs)-glucose oxidase (GOx)-cellulose acetate 

film, allowing visualization of real-time glucose fluctuations in various concentration 

ranges including micro-to nano-mole levels (Yu et al., 2019).  

Surface modification of CDs has emerged as a suitable strategy to facilitate its 

application in optical-based detection. In a study, a novel thymine functionalized carbon 

dot (CDs-Thy) was designed to detect Hg2+. In the presence of Hg2+, the thymine 

moieties on the surface of CD could form T-Hg2+-T structures, allowing photoinduced 

electron transfer to occur from the excited CDs-Thy to the vacant d orbital of Hg2+. This 

event resulted in the quenching of the CDs-Thy. In the proposed method, the Hg2+ was 

detected in the linear concentration range of 0-1.0 μmol L-1 and a limit of detection 

(LoD) 3.5x10-8 mol L-1 (Li et al., 2018).  In another study, for the detection of 

hypochlorite (ClO-), a novel dual emission ratiometric probe (FH-GA-CQDs) was 

synthesized by covalently conjugating fluorescein (FH) derivative (green-colour 

emission) onto the surface of CDs (CQDs) (blue-colour emission) via the GA linker. In 

the presence of ClO-, the xanthene ring of the FH unit opens via oxidative induction, 

which allows the FRET process to occur from CQD to the FH units resulting in the 

decrease of the fluorescence intensity of CQD and increase of the fluorescence intensity 
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of FH units. By using this method, ClO- as low as 93 nM (LoD) could be detected (Yan 

et al., 2019a). In a recent past, a FRET-based system was developed using CDs as 

energy donor and gold nanorods (Au NRs) as energy acceptors. By using cysteamine 

as a bridge, the nanomaterials were covalently connected, hindering the FRET process. 

Upon the addition of Pb2+, cysteamine interacted with the ion resulting in activation of 

the fluorescence signal as the FRET process was disturbed. The Pb2+ could be detected 

through this sensor system with high selectivity and sensitivity with 0.05µM as LoD 

(Liu et al., 2019). Table 1.3. Illustrates the various other reports of carbon dot as smart 

material in PL sensing. 

 

Table 1.3. CD-based photoluminescence detection.  

Precursor and 

Synthesis route 

Size  (QY) Application References 

Citric acid, urea, 

and thiourea 

 

Microwave-

assisted 

 

10 nm 

(19.2 %) 

 

Mercury (II) 

and iodide detection 

 

(Tabaraki and 

Sadeghinejad, 2018) 

Succinic acid and 

glycerol 

 

Hydrothermal 

2.3 nm (11 %) 

(Blue-CD) 

4.6 nm (7 %) 

(Green-CD) 

 

Fe2+, H2O2 detection 

and bioimaging 

 

(Prathumsuwan et 

al., 2018) 

L-glutamate 

 

Pyrolysis 

 

2 nm-4 nm 

(34 %) 

Plasmodium 

falciparum 

glutamate 

dehydrogenase 

detection 

 

(Singh et al., 2018) 

Citric acid and 

ethylenediamine 

 

Microwave-

assisted 

hydrothermal 

 

 

3.6nm (NA) 

 

 

Detection of glucose 

 

 

(Zhai et al., 2018) 

Citric acid, 

formamide, and 

ethanol (E-CD) 

Citric acid, 

formamide (N-

CD) 

 

Solvothermal 

4.5 nm 

(15.81 % -

water,22.43 %-

DMSO, 

25.80 %- 

DMF, 19.42%- 

methanol) (E-

CD) 

 

5.5nm (NA) 

(N-CD) 

 

 

 

 

 

Fluorescent pH 

sensor 

 

 

 

 

 

(Gao et al., 2018) 
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Sodium citrate 

and urea 

 

Solvothermal 

 

 

3.52 nm 

(67 %) 

Mercury ion 

detection in living 

cells and 

visualization of 

latent fingerprints 

 

 

(Ren et al., 2018) 

Citric acid and 

ethylenediamine 

 

Hydrothermal 

 

 

2 nm (NA) 

 

Doxycycline and 

MnO4
- detection 

 

 

(Fu et al., 2018) 

 

Leaf extract of 

Bougainvillea 

 

Microwave-

assisted 

 

 

10.7 nm 

(~41 %) 

Bioimaging, 

detection of Cu (II), 

and as red-emitting 

fluorescent ink 

 

 

(Bhati et al., 2018) 

Pricky pear 

cactus 

 

Hydrothermal 

 

5.6 nm 

(12.7 %) 

Arsenic (III) and 

hypochlorite ion 

detection in drinking 

water 

 

(Radhakrishnan and 

Panneerselvam, 

2018) 

Citric acid and 

glycine 

 

Hydrothermal 

 

2.8 nm (78 %) 

 

Detection of 

chromium (VI) 

 

(Wang et al., 2018) 

p-

phenylenediamine 

 

Microwave-

assisted 

 

 

3.8 nm (15 %) 

 

 

Detection of pH and 

Fe3+ 

 

 

(Sun et al., 2018) 

Glycerol and 

cysteine 

 

Microwave-

assisted 

 

 

 

1-6 nm (3.5 %) 

 

 

Detection of Hg(II) 

 

 

(Xu et al., 2018) 
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Sodium 

lignosulfonate 

and p-

phenylenediamine 

 

 

Solvothermal 

2.02 nm 

(11.25 % -

ethanol, 

13.77 % -n-

propanol, 

11.66 % - 

isopropanol, 

15.07 % - 

DMF, 14.29 % 

- DMA), 

5.12 % 

(water), 

5.58 % (acetic 

acid), 5.77 % 

(propionic 

acid) 

 

 

 

 

 

 

 

Detection of Fe(III), 

Ag(I) and as a 

solvatochromic 

probe 

 

 

 

 

 

 

 

 

(Zhu et al., 2018) 

Glutathione, 

sodium citrate, 

(blue-CDs) and 

1,2,4-

triaminobenzene 

(yellow-CDs) 

 

Hydrothermal 

(blue-CDs), 

Solvothermal 

(yellow CDs) 

 

4.0 nm (Blue-

CD) 

 

2.4 nm 

(Yellow-CD) 

 

(NA) 

 

 

 

 

 

Detection of Fe3+ 

and PPi 

 

 

 

 

 

(Xu et al., 2019) 

Cellulose-based 

willow catkin 

biowaste 

 

Combustion 

treatment 

 

 

7.3 nm 

(13.3 %) 

 

 

Detection of Fe3+ 

and bioimaging 

 

 

(Cheng et al., 2019) 

Melamine and 

dithiosalicylic 

sacid 

 

Solvothermal 

 

 

6.5 nm 

(5.96 %) 

 

 

Two-switch-mode 

luminescence ink 

 

 

(Yang et al., 2019) 

Glucose and 

HAuCl4 

 

Microwave-

assisted 

 

 

10 nm 

(0.15 %) 

 

 

Detection of Pb2+ 

 

(Li et al., 2020) 
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Alizarine                                                                                                                                                                      

rmine 

 

Hydrothermal 

 

2.37±0.23 nm 

(6.3 %) 

Detection of 

glutathione and 

cancer cells. 

 

(Li et al., 2020) 

o-

phenylenediamine 

and lysine 

 

Hydrothermal 

CDs-0-2.51 

nm 

CDs-1-2.55 

nm 

CDs-2-3.35 

nm 

CDs-3-2.95 

nm 

(NA) 

 

 

 

Endoplasmic 

reticulum polarity 

 

 

 

(Shuang et al., 2020) 

 

 

1.2.4.1.1 Dual-Mode Detection Systems 

CD-based dual-function optical systems are expected to offer confirmed 

detection along with increased sensitivity for the target. A dual-mode nitrite (NO2
-) 

detection method using N-doped CD was synthesized using phenosafranine and citric 

acid through hydrothermal treatment. The surface-oriented amino group of the N-CD 

coordinated with the NO2
- resulting in aggregation of the carbon nanoparticles. This 

event caused static fluorescence quenching of the orange emitting CD. Additionally, 

with increasing concentrations of NO2
-, the colour of the N-CD solution changed 

ratiometrically from red to purple. The work has potential to detect NO2
- in A549 cells 

(Jia et al., 2020). In a similar study, smart detection of 2-nitrophenol (2-NP) and 4-

nitrophenol (4-NP) using a CD synthesized from EDTA having dual-readout property 

was demonstrated. Upon the addition of both 2-NP and 4-NP to the CD solution, the 

fluorescence intensity dropped significantly. The fluorescence quenching of the CD was 

attributed to the inner filter effect. Besides, the system having CD and 4-NP resulted in 

the splitting of the corresponding CD peak into two, along with the fluorescence 

quenching. At the same time, the CD solution turned colourless to yellow in the 

presence of both 2-NP and 4-NP (Qu et al., 2019).  

Previously, a red-emitting CD via a hydrothermal route using p-

phenylenediamine and phosphoric acid as precursors was synthesised. The CD was 

employed in an "on-off-on" dual-mode sensing platform for the sequential detection of 

chromium [Cr(VI)] and cysteine (Cys). The fluorescence of the red-emitting CD was 

dramatically quenched upon its interaction with Cr(VI) owing to the binding of the later 

to the surface functional groups that resulted in charge transfer from the excited state 
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CD to the Cr(VI). The addition of Cys to the CD@Cr(VI) complex restored the 

fluorescence of the CD, due to the formation of a more stable Cr(VI)@Cys complex. 

Concurrently, the colour of the CD solution also changed from red to purple to yellow. 

By integrating the merits of the phenomenon, the nanoprobe was used in cellular 

imaging and the construction of AND logic gate (Gao et al., 2018). Subsequently, a 

strategy was used to simultaneously detect Cu2+ and Al3+ using a dual emissive CD 

synthesized from red tea through a solvothermal treatment. The CD exhibited strong 

and weak emission peaks corresponding to the red and blue regions, respectively, at an 

excitation of 410 nm. In the presence of Cu2+, the red emission peak quenched utterly, 

whereas the intensity of the blue emission peak increased and resulted in a red-shift in 

the presence of Al3+. This phenomenon is attributed to aggregation-induced emission 

quenching (ACQ) and aggregation-induced emission enhancement (AIEE) of the CD 

upon its interaction with Cu2+ and Al3+, respectively. Additionally, under the UV light, 

the fluorescence colour of the CD solution changed from red to orange and then yellow 

to green in the presence Al3+, which was visible to the naked eye (Song et al., 2019). In 

recent work, pH-sensitive gadolinium (III) (Gd3+)-doped CDs were synthesised using 

citric acid, GdCl3, and urea via a solvothermal route. The CDs displayed excitation-

independent bright red fluorescence and a high T1 relaxivity of ∼16.0 mM−1 s−1. The 

CDs showed fascinating pH-dependent responses in both fluorescence (FL) and 

magnetic resonance signals. At acidic pH, the fluorescence of Gd3+-doped CD quenched 

and exhibited increased brightness of the MR image. However, at alkaline pH, the Gd3+-

doped CD displayed bright red fluorescence, and the response of the MR changed from 

bright to dark. They found that the pH-dependent responses vary reversibly when the 

pH is switched repeatedly from 10.0 to 1.0. Additionally, based on the Gd3+-doped CD, 

they also developed an FL/MR dual-readout logic gates, wherein H+, OH- and Cu2+ 

acted as input as they stimulate the fluorescence and MR response in a switched manner. 

Based on this phenomenon, the Gu2+-doped CD was employed in bioimaging (Fang et 

al., 2020). Table 1.6 lists some of the other reported CDs with dual-functionality. 
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Table 1.4. CDs synthesized for dual-mode detections (PL and colorimetric). 

Precursor and Synthesis route Size (QY) Application References 

2,5-diaminobenzene sulfonic 

acid, 4-aminophenylboronic 

acid hydrochloride and Fe3+ 

 

Hydrothermal 

NA (0.7 %- in 

the absence of 

ascorbic acid, 

2.3 %- in the 

presence of 

ascorbic acid) 

 

 

Detection of 

ascorbic acid 

 

 

(Liu et al., 

2018) 

Folic acid and p-

phenylenediamine 

 

Hydrothermal 

 

 

2 nm (8.4 %) 

 

Detection of 

organophosp-

hate pesticide 

 

(Li et al., 

2018) 

Methylene-bis-acrylamide, p-

phenylenediamine, and 

trifluoroacetic acid 

 

Hydrothermal 

 

 

3.9±0.2 nm 

(7.5 %) 

 

 

Detection of 

Al3+ 

 

 

(Li et al., 

2018) 

m-phenylenediamine and 

citric acid 

 

Solvothermal 

 

 

 

3-4 nm 

(65 %) 

 

Detection of 

Cr(VI) 

 

(Qiao et al., 

2019) 

Citric acid and 

ethylenediamine 

Microwave-assisted 

 

Hydrothermal 

 

 

NA 

 

 

Detection of 

glucose 

 

 

(Zhai et al., 

2019) 

N-

(phosphonomethyl)iminodiace

tic acid (PMIDA) and 

branched PEI 

 

Hydrothermal 

 

6.71 nm 

(15.91 %) 

 

Detection of 

formaldehyde 

and 

bioimaging 

 

(Qu et al., 

2020) 

 

 

1.2.4.2 Chemiluminescence 

Chemiluminescence (CL), a type of luminescence, is the phenomenon of 

emission of light resulting from a redox chemical reaction between the reagents. 

Typically, the reaction produces electronically excited intermediates or products, 

which, when relaxes to the ground state, release energy as photons of light. The 
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chemiluminescence method is a widely used optical detection method due to its 

distinctive features such as high sensitivity, no requirement of an external light source 

for excitation, simple instrumentation, and fast response time. Luminol, potassium 

permanganate, lucigenin, tris(2,2‐bipyridine) ruthenium (II), and peroxyoxalate are the 

most commonly used classical CL reagents in analytical applications. However, these 

classical CL reagents are expensive, most are poisonous, have low selectivity, and, most 

importantly, generate weak CL intensity, which is a major drawback. HCO4
- and HSO3

- 

are some of the green and cheaper CL reagents that are frequently used in combination 

with various oxidants in CL reaction systems. Nevertheless, these systems also produce 

weak or ultraweak CL intensity. Therefore, in the past few years, there has been 

tremendous research on incorporating nanomaterials in CL systems in order to enhance 

the intensity of CDs, a less/nontoxic and inexpensive fluorophore, have emerged as a 

suitable candidate for increasing the CL reaction system's applicability. CDs have been 

growingly employed as enhancers, catalysts, energy acceptors, or emitter in CL studies. 

In some instances, the carbon nanomaterial is also found to play multiple roles in a 

single CL reaction system. Hence, it is important to explore the stimuli of CD as well 

as its application in a CL reaction system. Carbon nitride quantum dots (CNQD) derived 

from sodium citrate and urea using a solvothermal method found to enhance the CL 

emission intensity of hydrogen peroxide (H2O2) and hydrosulfite (HSO3
-) reaction 

system. It was confirmed that in the presence of the CNQD, there was an enhancement 

of the singlet oxygen (1O2), superoxide radical (.O2
-), and sulphite anionic radical (.SO3

-

), which might be responsible for the increased chemiluminescence intensity of the 

CNQD-NaHSO3-H2O2 reaction system. The study further indicated that the main 

emitters are SO2*, 1O2, (O2)2*, and the excited state CNQD. The CL spectra specified 

the formation of excited-state CNQD as a result of accepting energy from SO2*, 1O2, 

(O2)2* followed by the subsequent release of the CL. Additionally, it is assumed that 

the CNQD transferred electrons to the .OH radical and O2 that ultimately increased the 

number of holes in CNQD. This event stimulated the electron-hole annihilation process, 

which further resulted in enhanced chemiluminescence. Interestingly, the order in 

which reagents were mixed in the system was found to influence the CL intensity.  The 

presence of ascorbic acid in the reaction system was found to have an inhibitory effect 

on the CL phenomenon. Therefore, the CNQD-NaHSO3-H2O2 system was employed to 

determine ascorbic acid with an LoD of 8.0x10-8 mol L-1 (Chen et al., 2018).  
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In a recent effort, K2Cr2O7 was used as an oxidant that oxidized NaHSO3 

resulting in the generation of ultraweak chemiluminescence. The synthesized carbon 

dot (MFCD) acted as an energy acceptor from the excited sulfur dioxide (SO2*), 

followed by returning to the ground state with enhanced CL intensity. In this case, .OH 

and .O2
- were the primary intermediate radicals involved in chemiluminescence. 

Additionally, these oxygen radicals might be responsible for the generation of electron-

injected (MFCD.-) and hole-injected (MFCD.+) CDs that gave rise to MFCD* by 

radiative electron-hole annihilation, which further enhanced the CL intensity. Apart 

from that, it is often observed that the chemiluminescence spectrum of carbon dot is 

red-shifted compared to its fluorescence spectrum. The shifting to higher wavelength is 

presumed to be because of the smaller band gap energy of the surface state compared 

than the core state responsible for fluorescence. Moreover, in the presence of iodide, 

the chemiluminescence was amplified, and hence the system was used for probing 

iodide (Li and Han, 2020).  

Amjadi et al. demonstrated that the chemiluminescence intensity of HCO3
-- 

H2O2 was enhanced to 70-fold in the presence of both silicon-doped CD (Si-CD) and 

CTAB with a response time of 10 s. This effect has been attributed to the synergistic 

interaction of Si-CD and the CTAB. The cationic surfactant most probably formed 

micellar structures on the surface of the carbon dot that attracted the oxygen radicals 

(.OH and .O2
-). Later, these radicals expedited the process of production of electron-

injected and hole-injected CD resulting in enhanced chemiluminescence. The micellar 

structure also acted as a shield for the excited-state CD to decrease non-radiative 

deactivation. Based on this phenomenon, a simple and sensitive method was developed 

for the determination of dopamine, adrenaline, and noradrenaline in biological samples 

(Amjadi et al., 2018).  

The presence of nitrogen in CDs have a remarkable effect on the CL signal. 

Hallaj et al. tested different types of luminescent CDs among which carbon nitride 

quantum dots (CNQDs) were found to dramatically boost the chemiluminescence 

intensity of the reaction system by a factor of about 75. The nitrogen-containing 

functional groups on the CNQD stimulated the decomposition of H2O2 into oxygen 

radicals and also caused chelation of Cu2+ ions that resulted in generation of redox-

active species for reducing H2O2 with higher degree. The chemiluminescent system was 

found to have a linear relationship with increasing concentrations of H2O2 and therefore 
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was employed for the determination of both H2O2 (LoD: 10 nM) and glucose (LoD: 100 

nM) (Hallaj et al., 2017). Transition metal ions such as Fe2+ and Cu2+ have also been 

studied to a great extent for enhancing CD-based chemiluminescence. These metal ions 

can decompose H2O2 to hydroxyl radical (.OH) via the Fenton mechanism. Next, 

the .OH cause the generation of electrons and holes in the valence and conduction band 

of CD resulting in the enhancement of chemiluminescent signal. Based on this 

phenomenon, Shah et al. developed a method for the determination of Fe2+ using a N-

doped CD synthesized from histidine and H2O2 as a coreactant (Shah et al., 2019). 

To further increase the versatility, Duan et al. fabricated copper-doped CDs (Cu-

CDs) using citric acid via solid-phase synthesis strategy that exhibited excellent 

peroxidase-like activity. The incorporation of Cu2+ to the CDs as a dopant enhanced the 

electronic properties and surface reactivity. The developed Cu-CD was employed as a 

chemiluminescent probe for the detection of glucose that displayed a detection limit of 

0.32 μM (Duan et al., 2019). There are several reports of CDs as a smart material in CL 

system (Table 1.4). 

Table 1.5. CD-based chemiluminescence detection.  

Precursor & 

Synthesis route 

Size (QY) Target of 

detection 

References 

Glucose 

 

Ultrasonic 

 

4 nm  

(NA) 

 

Gallic acid 

 

(Chen et al., 2018) 

Ethylene glycol 

 

Solvothermal 

 

5±1 nm 

(NA) 

 

Methoxyestradiol 

 

(Zhang et al., 2018) 

L-cysteine and citric 

acid 

 

Pyrolysis 

 

3.1 nm 

(NA) 

 

Carcinoembryonic 

antigen 

 

(Cao et al., 2019) 

Citric acid and 1-3-

(3,4-Dihyroxyphenyl) 

alanine (L-DOPA) 

 

Solid phase thermal 

 

4.5 nm 

(NA) 

 

Uric acid 

 

(Shi et al., 2019) 

Phloroglucinol 

 

Solvothermal 

 

5.4 nm 

(NA) 

 

Ascorbic acid 

 

(Zhu et al., 2020) 

Citric acid, L-

cysteine, and 

heteroatoms 

 

Hydrothermal 

 

10 nm 

(80 %) 

 

Oxytetracycline 

 

(Amjadi et al., 2020) 
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1.2.4.3 Electrochemiluminescence 

Electrochemiluminescence (ECL), a combination of electrochemistry and 

luminescence, is the emission of light by an excited-state species originating from high-

energy electron transfer reactions at electrodes. Generally, the ECL phenomenon occurs 

by two pathways: the annihilation pathway and the coreactant pathway (Bachu and 

Goswami, 2020).  In the annihilation pathway, following the applied potential, oxidized 

and reduced species are formed at the electrode's surface, which subsequently generates 

the emissive excited state. The coreactant pathway, in contrast, contains an electroactive 

luminophore as well as a coreactant that is responsible for ECL emission. Compared to 

the annihilation pathway, the coreactant pathway has more advantages with stronger 

ECL emission and is suitable for both aqueous and nonaqueous electrolytes. As a new 

class of the carbon nanomaterial, the CDs due to its high QY, high sensitivity, and low 

background signal have shown promising applications as an ECL luminophore and a 

coreactant for the detection of numerous analytes. 

Solid ECL platform for the detection of Cu2+ ion using phosphorus-doped 

carbon quantum dots (P-CQDs) with H2O2 as a coreactant has been reported. The 

corresponding QY and the ECL intensity of the P-CQD were 2-fold and 4-fold, higher 

than the undoped CQD. The increased ECL intensity is because of the phosphorus 

doping that created emissive traps, and high electron transfer reaction between the 

electrogenerated P-CQD intermediate (P-CQD.-) and the reduced H2O2. The OH radical 

injects hole into the HOMO level of P-CQD.- giving rise to the excited P-CQD (P-

CQD*) that emits light. Accordingly, the method was employed to detect Cu2+, a Fenton 

reagent, that results in the generation of more OH radicals from H2O2, resulting in 

enhanced ECL intensity. The developed P-CQD could detect as low as 0.27 nM Cu2+ 

(Venkateswara Raju et al., 2020). A sandwich-type novel ECL immunosensor was also 

fabricated to determine carcinoembryonic antigen (CEA) by using 

perylenetetracarboxylic acid (PTCA) and CQDs as dual luminophore, graphene as 

nanocarrier and S2O8
2- as a coreactant, which exhibited good performance for the 

detection of CEA in human serum samples. The secondary antibody used to capture the 

CEA was immobilized on the ECL nanomaterial. Because of the synergistic effect of 

the luminophores, the sensor displayed a remarkable increase in the ECL intensity. The 

coreactant reacted with the reduced species of PTCA (PTCA-.) and CQDs (CQDs-.) to 
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form the corresponding excited species, which emitted light. The proposed method 

could detect CEA as low as 0.00026 fg mL-1 (Xu et al., 2018). 

Based on the fact that Hg2+ can form T-Hg2+-T complex with two DNA thymine 

(T) bases, a novel ECL sensor was developed to detect Hg2+ by using GQDs-DNA-

AuNP as the ECL nanoprobe and poly(5-formylindole)/reduced graphene oxide 

(P5FIn/erGO) as nanocomposite. A thymine rich ssDNA immobilized on the 

P5FIn/erGO modified electrode formed the T-Hg2+-T complex in the presence of both 

Hg2+ and the ECL nanoprobe. With increasing Hg2+ concentration, the ECL intensity of 

GQD also increased, and by using this relation, the ECL sensor developed that could 

detect as low as 2.48 pM Hg2+ with good stability, selectivity, and reproducibility. The 

combination of AuNP, GQD, and P5FIn/erGO in the sensor accelerated the electron 

transfer rate, an increased loading capacity of ssDNA, and high ECL intensity, 

ultimately resulting in a lower detection limit (Tang et al., 2019). 

While carbon nitride quantum dots (GCN QDs) have several advantages, the 

low ECL efficiency is often a drawback in the analytical applications. To improve the 

efficiency in ECL assays, a novel luminophore was developed by doping GCN QDs 

with sulphur (S-GCN QD) that generated element vacancy and also modified the 

surface state. By using the surface plasmon coupling ECL (SPC-ECL) mode, wherein 

the ECL intensity can be amplified by surface plasmon coupling effect of AuNP, the S-

GCN QDs were used to develop a sandwiched ECL sensor to detect K-RAS gene which 

is a crucial cancer biomarker (Zhang et al., 2019). In a similar study, a novel nitrogen 

doped hydrazide conjugated CDs was developed that had high quantum efficiency with 

emission at low excitation potential. The proposed CD was employed to distinguish 

cancer cells from the normal cells on the basis of more hydrogen peroxide secretion 

from the former (Chen et al., 2020). In Table 1.6, the various other reports of CDs acting 

as a smart material in ECL systems is shown. 
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Table 1.6. CD-based electrochemiluminescence detection.  

Precursor and 

Synthesis route 

Size (QY) Application References 

Fullerene (C60) 

 

Hydrothermal 

 

3.5±1 nm  

(NA) 

Determination 

of microRNA-

21 

 

(Zhang et al., 2018) 

Citric acid and 

L-cysteine 

 

Pyrolysis 

 

NA 

 

Detection of 

atrazine 

 

(Wu et al., 2019) 

Melamine 

 

Hydrothermal 

 

2 nm  

(NA) 

 

Detection of 

butein 

 

(Kalaiyarasan et al., 2020) 

 

 

1.2.5 CDs as Smart Materials 

The rapid progress in materials science over the past few decades has led to the 

development of smart materials with attractive physicochemical properties bearing 

great application potential to design next-generation sensing platforms (Song et al., 

2011). The smart materials usually include different materials such as metals, 

nanomaterials, polymers, biomolecules, and even hybrid materials (Cobo et al., 2015; 

Ledin et al., 2016). Recently, the carbonaceous materials received increasing attention 

because of their biocompatibility and non-toxic behaviours. Various carbon-based 

materials like graphene/graphite and their different derivatives (Angione et al., 2011; 

Jang et al., 2020; Scidà et al., 2018; Yu et al., 2017), carbon nitride (CN) films (Wang 

et al., 2019), carbon fiber tube (Li et al., 2018), paper-based bionanocomposites 

(Naghdi et al., 2020) have been studied for diverse applications. Carbon dot or carbon 

quantum dot is a new addition to this domain of smart materials. These materials are 

reactive to numerous external stimuli, as discussed below.  

 

1.2.5.1 pH Sensitive 

The detection of pH level is crucial in pathological and physiological processes 

as well as in the natural environment. Recently, CDs have been explored for their 

applications as a pH probe due to its intense fluorescence property, excellent 

photostability, and convertible emission colours. Using a one-pot hydrothermal method, 

AC-CDs were synthesized from 5-amino-1,10-phenanthroline (Aphen) and citric acid 

(CA). The resulting CDs exhibited an interesting pH-dependent fluorescent tricolour 
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emission. It is found that Aphen is very sensitive to pH, which may be attributed to the 

response of the pyridyl group in the presence of H+ and OH- medium. The pH-

responsive AC-CDs displayed bright green colour at pH 1.0, grayish at pH 1.0 to 8.0 

that turned blue to purple from pH 8.0-13.0, and finally to yellow at pH 14.0 (Zhang et 

al., 2019). Heteroatom doped CDs (N, S-CDs) synthesized from o-phenylenediamine, 

L-cysteine, and ethanol also showed excellent pH-response and reversible fluorescence 

upon pH change. While the fluorescent intensity of N, S-CDs decreased from pH 1.0- 

13.0 in the basic condition (NaOH), the fluorescence intensity could be reverted from 

pH 13.0-1.0 using acidic medium (HCl) (Zhang et al., 2019). Yang et al. developed 

different sizes of CDs following a simple green methodology of microwave-assisted 

pyrolysis using xylose, m-phenylenediamine, and H3PO4 as precursors. In this work, 

green-emitting CDs were selected, followed by adjusting the CD solution's pH from 

3.0-11.0 using PBS buffer. No change was observed in the CD's excitation/emission at 

442 nm/518 nm upon increasing the pH from 3.0-7.0; however, at pH 8.0, the 

excitation/emission shifted to 375 nm/500 nm suggesting the pH-dependent PL 

property of the CD as indicated by green to blue shift performance. The author proposed 

that the shifting was dominated by the O-related defect state and P-related defect state, 

respectively (Yang et al., 2019). Another interesting study found that when the 

anticancer drug doxorubicin hydrochloride (Dox) was loaded with the CDs synthesized 

from citric acid and urea following the microwave-assisted method, the CDs generated 

white light from pH 12.0-2.0 with reversible photo-switching. The role of FRET was 

likely to be responsible in the white light generation (Pyne et al., 2019). The pH also 

affects the emission intensity of the CD. The blue emission of the CD was enhanced as 

the pH of the solution was moved from 7.0-14.0. In contrast, the CD's fluorescence 

gradually reduced and shifted to longer wavelengths from pH 7.0-1.0. Thus, the as-

prepared N-CDs from citric acid and o-phenylenediamine showed promising pH 

sensing ability (Lu et al., 2019).  

 

1.2.5.2 Temperature Sensitive 

There are some reports of temperature-responsive CDs in recent times (Lu and 

Zhou, 2019). With increasing temperature, the fluorescence intensity of the CDs 

decreased, and vice-versa. The temperature-sensitive property of the synthesized CD 

was attributed to the dominance of the non-radiative and radiative transitions of the 

TH-2685_166106006



  Chapter 1 

41 
 

MnOx-CDs at higher and lower temperatures resulting in decreased or increased 

emission of photons respectively (Li et al., 2020). This feature of the CDs was 

employed as a thermometer in the HepG2 cancer cell line. The phenomenon was 

ascribed to thermally activated electronic transitions. Powdered CDs embedded in the 

trisodium citrate matrix exhibited tunable colour emission from green to yellow. The 

powdered CD was applied to fabricate white light-emitting devices on blue chips with 

tunable colour temperature (Shen et al., 2018). In another development, the CDs 

possessing dual-emissive aggregation-induced room-temperature phosphorescence 

(RTP) behaviour were designed. The CDs were synthesized using trimellitic acid (TA) 

via a one-pot hydrothermal treatment that emitted white light and yellow light RTP in 

the solid-state under an on and off UV excitation at 365 nm. While the white light 

emission was associated with the dual-emissive nature (blue and yellow fluorescence) 

of the CD, the yellow RTP emission was due to the excited triplet state upon the 

aggregation of the CD as shown in Figure 1.4 a. The primary goal of the research was 

to apply the CD in advanced anti-counterfeiting and encryption methodologies (Jiang 

et al., 2020). 
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Figure 1.4. (a) Phosphorescent spectra of TA-CDs powder against time, illustration of 

the CDs with water-stimuli-responsive production, and the encryption and decryption 

process. (b) The photoenergy transformation in the IA-CDs/TiO2 nanocomposite 

system. (c) Proposed mechanism of the pressure triggered fluorescence. (d) PL peaks 

when pressure is released or increased (left) and proposed mechanism of piezochromic 

behaviour of N-CDs (right). (e) Illustration of PL enhancement under high pressure 

(Das et al., 2021b). 

 

1.2.5.3 Light Sensitive 

Light as a stimulus for CDs to initiate or change various photometric responses 

is a well-known phenomenon. In a recent report, a bidirectional photochromism via 

anchoring of CDs to TiO2 porous films was invented. Under blue light irradiation, the 

color of the CDs/TiO2 film obtained by dropping anchoring becomes darker and that 

obtained by immersion anchoring becomes lighter. The spectral response was intensely 

dependent on the wavelength and polarization of the exciting light for the 

photobleaching material system.  The findings provide a new dimension for optical 

information encryption and memory. The mechanism of such behaviour has been 

attributed to the generation of electron-hole pairs from CDs under visible light 

excitation, followed by the hole’s reaction, which triggered the oxidation reaction with 

the surface functional group on the CD causing photobleaching as shown in Figure 1.4 

b (Wu et al., 2020). In another report, the CDs/TiO2 nanocomposite showed 

photocatalytic colour switching ability. Upon UV-irradiation, the blue colouration of 

the methylene blue dyes with the CDs/TiO2 nanocomposite could be photobleached 

within one minute to colourless state. With visible light irradiation, the original blue 

colour was fully recovered within 20 mins (Wang et al., 2019). 

 

1.2.5.4 Pressure Sensitive 

CDs exhibit piezochromic property wherein an application of 0-22.84 GPa 

pressure resulted in the change of luminescence colour from yellow to the blue. The 

pressure-induced change in optical property has been ascribed to the hybridization 

transition of sp2 to sp3 in CD. Additionally, such a phenomenon has also paved the way 

for a better understanding of the optical properties (Lu et al., 2017). Taking advantage 

of the piezochromic effect, novel N-doped CDs was synthesised that displayed partial 
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reversible piezochromic luminescence. Upon an application of 0.007-5.18 GPa 

pressure, the red- and blue-shifted photoluminescence (PL) of the synthesized N-CDs 

could be observed with blue to the green color of PL, whereas when the pressure was 

released from 5.18 GPa to 1 atm, the red- and the blue-shifted photoluminescence could 

be tested as shown in Figure 1.4 d (Zhan et al., 2018). Geng et al. recognized that in the 

carbon polymer dots with increasing pressure, the red-shift was because of the increased 

pi-pi stacking of the pi-conjugated system and the blue-shift resulted due to the 

hydrogen bonding (Geng et al., 2019). In a recent study, a F, N-doped CDs 

demonstrated a remarkable photoactivated fluorescence enhancement in the presence 

of continuous UV light and both ambient (1.0 atm) and high pressure (0.1 GPa) as 

shown in Figure 1.4 c. Besides, the CDs also showed reversible piezochromic behaviour 

from 1.0 atm to 9.98 GPa pressure with aggregation-induced enhancement (AIE) in the 

1.0 atm-0.65 GPa. The AIE behaviour was because of the increased formation of van 

der Waals forces and hydrogen bonding among the surface -NH2 and -C-F groups on F, 

N-doped CDs (Jiang et al., 2020). In this direction, the influence of the solvent on the 

piezochromic behaviour of CD was also identified as with increasing pressure, the CDs 

displayed red-and blue-shift piezochromism with DMF and water as the pressure 

transmitting medium. The reason is attributed to the π-π stacking, and protic-solvent-

induced surface chemical structure changes for the red-and blue-shift effect, 

respectively (Jing et al., 2018). The stability and enhancement of CD's red fluorescence 

could be achieved under the influence of external pressure, which may be because of 

the pressure-triggered aggregation-induced emission. The intensity of the fluorescence 

decreased when a pressure of above 1.2 GPa was applied, and this phenomenon could 

be due to the destruction of the molecular structure of R-CDs, as shown in Figure 1.4 e 

(Wang et al., 2019). 

 

1.2.5.5 Multi-Sensitive 

A multi-responsive and hybrid white-light-emitting hydrogel network was 

developed recently by incorporating Eu3+, Tb3+, and CD into polyacrylamide/poly 

(acrylic acid) hydrogel network. In the network, luminescent lanthanide ions were 

incorporated with coordination bonding, whereas CDs interacted with radical 

copolymerization. The white luminescence was achieved by modifying the ratio of 

blue- light-emitting CD to green- and red-light emitting lanthanide ions. The 
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photoluminescence study revealed that the mechanism involves energy-transfer from 

Tb3+ to Eu3+ and CDs, as shown in Figure 1.5 a-b. The reaction between lanthanide and 

CDs resulted in the responsiveness of white-light-emitting hydrogel to various stimuli 

such as pH, vapours, metal ions, and temperature. Additionally, the hybrid network 

showed thermochromism of green-to-red emission ratios in the 20-70 °C temperature 

range and a fracture strain stretchability of 400 % (Zhu et al., 2018). Recently, a white-

light-emitting hydrogel developed by mixing lanthanide (Eu3+), cytidine, fluorescein 

isothiocyanate, and CDs was found sensitive to pH, Fe3+ and temperature (Xue et al., 

2020). Further, a smart dual-mode sensitive nano-probe based on CDs-Tb-TMPDPA 

was developed in which Tb3+ and CDs were sensitive to temperature and photothermal, 

respectively, and 4-(2,4,6-trimethoxyphenyl)-pyridine-2,6-dicarboxylic acid 

(TMPDPA) acted as a two-photon ligand. The developed nano-probe can be ideal for 

achieving real-time temperature and optical heating simultaneously (Yan et al., 2020). 

Wang and co-workers prepared CDs by polymerizing reaction of citric acid, hyaluronic 

acid polymers, and ethylenediamine that were smartly utilized as gatekeepers to prevent 

premature drug release, for targeted drug delivery to tumour cells, IR thermal imaging, 

and thermo-chemotherapy (Wang et al., 2019). The possibility of employing CDs as 

reversible two switch-mode luminescence ink for advanced anti-counterfeiting and dual 

encryption was explored. For which CDs were synthesized from melamine and 

dithiosalicylic acid using a solvothermal method that exhibited blue fluorescence. When 

mixed with water, the hydrophobic CDs resulted in aggregation leading to red 

fluorescence as shown in Figure 1.5 ci-ciii. This phenomenon was attributed to the 

constraints in the intramolecular rotation of disulfide bonds and the interaction of π-π 

stacking in aggregated structures (Yang et al., 2019). 
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Figure 1.5. (a) Multi-stimuli responsive behaviour of the CDs, (b) Proposed energy-

transfer mechanism in white-light-emitting hydrogel. (c-i) Formation of H-CD 

monomers and their aggregates (the disulphide bond in dithiosalicylic acid molecular is 

highlighted with yellow). (c-ii) Photographs of the H-CD’s two-switch-mode 

luminescence principle. (c-iii) Fluorescence principle and proposed structure of H-CD’s 

core and surface (Das et al., 2021b). 
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1.2.5.6 Phase Sensitive 

Photoluminescence-functionalized phase change materials (PCMs) have also 

attracted attention because of their potential application as smart materials. The PCMs 

with the property of capturing excess energy and releasing it via phase transition is 

primarily used in thermal energy management. In a work, a novel MOF-based 

photoluminescence-functionalized PCMs was developed by incorporating stearic acid 

(SA) and CQDs that served as a fluorescent guest and thermal energy guest, 

respectively, into the Cr-MIL-101-NH2 framework. The nanocomposite possessed 

remarkable thermal stability, durability, and shape-stabilized ability and prevented 

conventional aggregation-induced quenching (Chen et al., 2019). Smart CDs were also 

designed wherein CO2 and N2 bubbling led to both reversible phase transfer between 

the organic and aqueous phase of the CDs and simultaneously resulted in reversible 

luminescence change from blue to cyan-green as shown in Figure 1.6. This phenomenon 

has been ascribed to the modification of surface chemistry and different emission states 

that is activated by the CO2/N2 bubbling (Xiong et al., 2019). 

 

 

Figure 1.6. The reversible phase transfer of the amidine-modified CDs and the 

reversible luminescence change between blue and cyan-green luminescence change in 

the presence of CO2 and N2 (Das et al., 2021b). 

 

1.2.5.7 Solvent Sensitive 

The optical response of CD's is also dependent on the solvent polarity. Li et al. 

developed green- and blue-emitting carbon quantum dots (CQDs) from oxalic acid, 

citric acid, and urea as precursors. The CQDs exhibited solvent selectivity with the 

green CQDs soluble in the ethanol, and the blue-CQDs soluble in water. Such an 
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interesting phenomenon could be because of the structural difference between the two 

CQDs. The work also demonstrated the reversibility of colour by changing the 

hydrogen bonding, which is more straightforward than the pressure application for 

colour reversibility (Li et al., 2019). Different hydrochromic CDs were also fabricated 

from brown sugar following a simple carbonization method that displayed variation in 

light emission in the presence of water. The synthesized CDs displayed a “structure-

hydrochromic property” relationship wherein the CDs with the superior pi character had 

hydrochromism. The CDs exhibited red shift in the presence of water in aprotic 

solvents, whereas, in protic solvents, the emission intensity was increased. Therefore, 

this property of the CD was employed to probe water contamination in different 

solvents (Senthamizhan et al., 2019). Different solvents have different emission 

wavelengths. Solvent properties such as dehydrating ability, solubility, boiling point, 

polarity, and (non-) proton influence the particle size and surface state of the 

synthesized CD (Zhao et al., 2019). 

 

1.2.5.8 Sensitivity due to Molecular Interaction 

The interaction of CDs with biomolecules such as proteins, enzymes, DNA, etc., 

has received increased interest in the recent past few years, primarily in the field of drug 

delivery and biosensing. Notably, the interactions involving proteins and CDs have 

been most widely studied (Huang et al., 2016; Liang et al., 2020; Song et al., 2020; Xu 

et al., 2016). In general, according to previous reports, the CD quenches the intrinsic 

fluorescence of the proteins/enzymes (Figure 1.7 a). However, these studies have shown 

that it is often not the same type of quenching mechanism in all the CDs. Instead, the 

mechanism is dependent on the type of interaction between the CD and protein/enzyme. 

While quenching associated with CD-protein complex formation is linked to the static 

quenching mechanism, the dynamic quenching originates from the collision and energy 

transfer from protein to the CDs. Nevertheless, these interaction studies have been 

mostly limited to the human serum albumin protein (HSA) to understand the 

pharmacokinetic behaviour of the CDs and the associated molecular toxicity. Therefore, 

an in-depth interaction study with other proteins or enzymes will widen its application 

potential. Meanwhile, the CD-DNA interactions are mostly investigated in the 

biosensing field, gene transmission, and delivery (Guo et al., 2018; Huang et al., 2018; 

F. Li et al., 2019; Loo et al., 2016; Qaddare and Salimi, 2017; H.-J. Wang et al., 2017; 
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S. Wang et al., 2017), wherein the CDs are utilized for covalently conjugating the 

nucleic acid molecule (Figure 1.7 b). By using this strategy, CDs have been employed 

either as a fluorescent signal molecule, quencher or both.  

 

 

Figure 1.7. (a) Quenching of HSA fluorescence upon interaction with CQD. Reprinted 

with permission from ref. (Song et al., 2020), (b) Sensing mechanism of target DNA 

using GQD. Reprinted with permission from ref. (Wang et al., 2017). 

 

1.3 Significant Gaps in the Research 

In spite of the profound research on the utility of CDs as smart material in 

analytical applications, there are several critical issues that still need to be examined.  

• The CDs reported to date have been notably utilized as a peroxidase mimic in 

diversified research works; however, its mechanism of peroxidase-like activity 

is still obscure. There is a general agreement that the oxygen-based functional 

groups on the surface of the CD play a vital role during the peroxidase-like 
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activity.  Nevertheless, the confusion regarding the involvement of the specific 

oxygen functional group in the catalytic activity still persists.  

 

• The emphasis on the existence of any linkage between the CD’s peroxidase-like 

activity and its photophysical property has not been focussed.  

 

• The literature has well documented the examination of CD’s photoluminescence 

for the detection of bioanalytes in numerous applications. However, its 

interaction with biomolecules particularly proteins and the consequent 

photophysical behaviours for bioanalytical applications has not been adequately 

explored.  

 

• In most of the studies related to the CD’s peroxidase-like activity so far, the 

investigation has been limited to only the determination of kinetic parameters of 

the peroxidase mimic and the subsequent monitoring of colour development 

with increasing peroxide concentration. The evolution of CD’s geometry during 

its interaction with the peroxide has not been focussed, which is of key relevance 

to anticipate the modification of CD’s material property during the catalytic 

activity.  

 

1.4 Objectives of the Study 

Considering the above-mentioned gaps in the CDs research, the specific 

objectives identified for the present study are: 

(i) Selection of model compounds to investigate the role of functional 

groups in the peroxidase-like activity. 

(ii) Synthesize and characterization of CDs. 

(iii) Insight into the mechanism of the peroxidase-like activity of the 

synthesized CD. 

(iv) Evaluation of CD’s potentiality as a fluorescent signal probe in blood 

serum samples. 

(v) To study the modification of the CD’s material property upon the 

interaction with H2O2. 

 

 

TH-2685_166106006



  Chapter 1 

50 
 

1.5 Significance of the Study 

The present investigation sheds light on the potentiality of CDs as a promising 

optical probe in clinical applications, especially peroxide-based detections. To date, 

there has been a substantial report of CDs acting as peroxidase mimic; however, the 

studies lack the in-depth and systematic inquiry at the molecular level. In our study, 

first, we set out to unveil the role of different functional groups on the surface of CD in 

the peroxidase-like activity. The efficiency of the carboxylic group was found to be 

maximum in strongly binding to H2O2 in the presence of a reducing equivalent. We 

explored for any linkage between the peroxidase-like activity and the photophysical 

property of the CD. Secondly, the fluorescence studies suggested the interference from 

blood serum as a significant challenge in clinical applications employing blue-emitting 

CDs. Filtering out the serum proteins during the detection will ameliorate the 

potentiality of the CD in clinical applications. Thirdly, the reaction with H2O2 

demonstrated the evolution of CD's material property. These findings may decipher to 

bridge the gap between understanding the biocatalytic phenomenon and the clinical 

potentiality of the zero-dimensional nanomaterial. 

Based on the above, the current work is categorized into four chapters. A section 

entitled “Conclusion and future outlook” has been included at the end of the chapters. 

 

Chapter 1: Introduction and Literature Review 

This chapter highlights the importance of nanomaterials as enzyme mimics, with 

particular emphasis on CDs. A detailed discussion on the characteristics of CDs, their 

various routes of synthesis, functionalization, and surface passivation have been 

included. The physical and chemical properties of CDs like absorption, 

photoluminescence, electron transfer, cytotoxicity, and photostability are considerably 

focussed. An effort has also been made to cover the recent development of CD as smart 

materials that are responsive to external stimuli such as pH, temperature, light, pressure, 

solvent, phase, and molecular interactions, and the importance of CDs in optical-based 

analytical applications. Additionally, the chapter discusses the potential gaps in the 

research, the objectives, and the significance of the present investigation. 
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Chapter 2: Synthesis of Carbon Dots from L-glutamic acid, their 

Characterization, and Mechanism of Peroxidase-like Activity 

This chapter focuses on the mechanism of the peroxidase-like activity of CDs. 

A molecular screening protocol was performed on different simple-carbon-containing 

molecules to determine the role of functional groups in binding to H2O2 and its 

subsequent influence on the peroxidase activity. The synthesis and characterization of 

CDs were carried out by UV-Vis, fluorescence, FETEM, FTIR, XPS, and NMR. In 

addition, we unveiled the electron transfer route between CD, H2O2, and ABTS during 

the peroxidase-like activity. 

 

Chapter 3: Multifaceted Interaction Studies between Carbon Dots and Proteins of 

Clinical Importance for Optical Sensing Signals  

This chapter features the prospects of CD as a fluorescent probe for peroxide 

detection in enzyme-based reaction systems of clinical applications. The investigation 

was carried out using fluorescence spectroscopy, molecular docking studies, circular 

dichroism, zeta potential, and FETEM. The performance of the CD was further 

extended to human blood serum to ascertain for any interference during the detection. 

 

Chapter 4: Analytical Application of H2O2-Induced Chiroptical Graphitic Carbon 

Dots 

This chapter discusses the synthesis and characterization of chiroptical CDs 

synthesized from D-(+)-Glucose. The peroxidase-like activity of the synthesized CD 

was also exploited. Special emphasis was given to the evolution of the CD’s material 

property during its interaction with H2O2
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2.1 Overview 

Since the discovery of carbon dots (CDs) in 2004, the research on this 0-D 

carbon nanomaterial has been taken up to address the critical issues related to their 

preparations, properties, and applications (Xu et al., 2004). The primary motivation for 

this research is the potential advantages of the CDs over the conventional quantum dots 

such as their biocompatibility, low toxicity, tuneable luminescent properties, high water 

solubility, and inexpensive synthesis process (Zhang et al., 2017). The studies have also 

demonstrated that many CDs exhibit nanozyme properties (Das and Goswami, 2020). 

Nanozymes are nanomaterials with intrinsic enzyme-like activity (Gao et al., 2007; 

Liang and Yan, 2019). The interest in nanozymes has been stimulated by their several 

advantages over the natural protein-based enzymes, such as resistance to proteolysis, 

high stability, and simple and less expensive production and purification steps (Wei and 

Wang, 2008). 

The research on nanomaterials as peroxidase-mimic is growing impressively 

(Wang et al., 2011). It is worth mentioning that among the various redox enzymes, the 

peroxidases find significant interest in industrial, environmental, and analytical 

applications (Lopes et al., 2014). The ability of peroxidases to yield chromogenic 

products at low substrate concentrations makes them well-suited enzymes for various 

analytical applications. Ever since the discovery of Fe3O4 nanoparticles with 

peroxidase-like activity (Gao et al., 2007), considerable effort has been made to find 

nanomaterials that could replace peroxidase enzymes, such as the widely used 

horseradish peroxidase (HRP). The HRP catalyses the oxidation of various organic 

substrates by hydrogen peroxide, which has high importance as a synthetic reagent, 

biological oxidant, and intermediate in the formation and decay of reactive oxygen 

species (Winterbourn, 2018). 

A significant amount of work on the CDs acting as peroxidase mimics is known. 

Most of these studies are related to their synthesis (Zhang et al., 2017; Zhu et al., 2014), 

and different applications such as detection of glucose (Shi et al., 2011), cholesterol 

(Zhao et al., 2019), bioimaging (Wu et al., 2013), and immunosorbent assay (Zhu et al., 

2014). Besides, CDs are also doped or composed of different materials to enhance their 

peroxidase-like properties (Dong et al., 2015; Yang et al., 2017). However, a systematic 
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investigation to understand the detailed mechanism of CD-led peroxidase-like activity 

is limited. There are some efforts highlighting the mechanism for graphene oxide 

nanomaterials (Song et al., 2010), metal-doped carbon QDs (Dong et al., 2015; Zhao 

et al., 2019; Zheng et al., 2016), oxygenated carbon nanotubes (Huan Wang et al., 

2018), and carbon nanodots prepared from candle soots (Shi et al., 2011). The 

identification of the catalytically active and substrate-binding sites on graphene QDs 

following selective deactivation of the functional groups have also been reported (Sun 

et al., 2015). A broad consensus of oxygen-based functional groups responsible for the 

CD’s peroxidase-like activity is visible from these reports. In contrast, a certain amount 

of variations among them on the involvement of specific oxygen-containing functional 

groups for this reaction still exists. Importantly, while the role of these oxygen-

containing functional groups for peroxidase-like activity has been recognized, the CD’s 

specific roles and its linked photophysical properties for accelerating these reactions are 

largely unknown. 

Herein, we explored a systematic investigation on the mechanism of peroxidase-

like activity of CDs. To this end, we selected simple carbon-containing molecules, each 

having a distinct functional group, as a model and studied their H2O2 binding affinity 

and peroxidatic activity. Based on these results, we performed additional molecular 

screening, identified compounds with peroxidase-like activity, and then transformed 

these into CDs following a simple pyrolysis method. Finally, we identified a CD with 

high peroxidase-like activity synthesized from L-glutamic acid. Following different 

spectroscopic and microscopic techniques, we proposed a reaction mechanism on the 

CD led peroxidase-like reaction and unveiled its relation with the fluorescence-based 

photophysical phenomena of this organic quantum dot. This study also sheds light on 

this synthesized CD’s application potential for the peroxidase reaction on a paper 

platform, as detailed in the discussions and conclusion sections. 
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2.2 Experimental Section 

2.2.1 Materials 

L-glutamic acid, succinic acid, glycine, D-glucose, glacial acetic acid, ethanol 

(99.8 %), potassium bromide (KBr), 3,3′,5,5′ -tetramethylbenzidine (TMB) were 

obtained from HiMedia, India. L-glutamine and acetone were purchased from Sisco 

Research Laboratories (SRL) Pvt. Ltd., India. 2,2′-azino-bis (3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), deuterium oxide or 

heavy water (D2O), and aniline were bought from Sigma Aldrich, USA. Citric acid 

(monohydrate) was purchased from RANKEM, India. Hydrogen peroxide (H2O2) 

solution 50 % w/v was procured from FINAR, India. All other chemicals used in the 

experiment were of analytical grade. The experiments were performed at room 

temperature unless mentioned otherwise using ultrapure water (resistivity>18 MΩ.cm). 

All the reagents and solvents were used as received without further purification. 

 

2.2.2 Microscopy 

The size and morphology of the CDs were characterized using a Field Emission 

Transmission Electron Microscope (FETEM) (JEOL JEM- 2100F) at an accelerating 

voltage of 200 kV. The samples were diluted to 100-fold in deionized water, followed 

by drop-casting on a carbon-coated copper grid. The grid was later dried in a vacuum 

desiccator and then observed under the microscope. 

 

2.2.3 Spectroscopy 

The absorption spectra were recorded using a double beam Cary 60 UV–Visible 

spectrophotometer (Agilent Technologies). Fluorescence measurements were 

performed on FluoroMax-4 (HORIBA Scientific). All the spectroscopic studies were 

performed in one mL sample volume in a 1 cm (path length) cuvette. The Stern-Volmer 

quenching constant was calculated using the following equation (Jain et al., 2017), 

where Fo is the fluorescence intensity in the absence of the quencher, F is the 

fluorescence intensity in the presence of the quencher, [Q] is the concentration of the 

quencher and KD is the Stern-Volmer quenching constant: 
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𝐹𝑜

𝐹
= 1 + 𝐾𝐷[𝑄]                   (2.1) 

 

Fourier transformed infrared (FTIR) spectroscopy was carried out on 

IRAffinity-1S (Shimadzu) using spectroscopic grade KBr pressed disc. Both 13C- and 

1H-NMR spectra were collected using a 400 MHz NMR spectrometer (Bruker, 

ASCEND 400). The experiment was performed using a probe temperature of 300.7 K. 

The NMR sample was prepared by adding 60 μL of stock CD solution (final 10 mg mL-

1), 30 μL of 100 mM H2O2 (final 5 mM), 120 μL of 5 mM ABTS (final 1 mM), 60 μL 

of 100 % D2O and required amount of ultra-pure water. The solution was then 

transferred to an NMR tube and measured. Each 13C and 1H NMR was recorded with 

100 scans and 32 scans, respectively. For the 1H NMR spectra, we used the zgpr pulse 

program followed by locking the sample with the D2O solvent signal. All the spectra 

were later processed and calibrated using MestreNova software. Electron spin 

resonance (ESR) measurements were recorded at room temperature on the JEOL 

(Model: JES-FA200) instrument with conditions: modulation frequency: 100 kHz, 

power: one mW, amplitude: 50 G. The reaction mixture was put into a capillary glass 

tube that was transferred to the ESR cavity, followed by a recording of the spectra. The 

zeta potential measurements were carried out using the Nano Instrument system 

(Malvern Instruments Limited, UK) in a capillary cell with gold plated beryllium/ 

copper electrode. The X-ray photoelectron spectroscopy (XPS) study was carried out 

using PHI 5000 Versa Probe II model. 

 

2.2.4 Synthesis of CDs 

The CDs were synthesized by the one-step pyrolysis method with some 

modifications (Wu et al., 2013). Briefly, 400 mg of the compound was heated until the 

solid powder started melting and turned into pale yellow, indicating the carbonization. 

The pyrolysis temperatures (°C) used were 199, 185, 184, 153, and 233 for L-glutamic 

acid, L-glutamine, succinic acid, citric acid, and glycine, respectively. Then 4 mL of 

water was added under constant stirring for 30 mins to dissolve and to prevent 

agglomeration of the CDs. The solution was then subjected to 13000 xg for 30 mins to 

collect the solution containing the CD. 
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2.2.5 Determination of Band Gap Energy 

We determined the band gap energy, Eg, of the synthesized CD by plotting the 

Tauc’s plot between (αhν)1/2 vs. hν. α is the optical absorption coefficient that can be 

calculated using absorbance (A) and thickness (d) of the sample (α = 2.303A/d) whereas 

hν can be calculated using the relation hν = 1240/λ. The following equation gives the 

Tauc’s relation: 

 

                                 𝛼ℎ𝜐 = 𝐵(ℎ𝜐 − 𝐸𝑔)
𝑟
                   (2.2) 

where B is proportionality constant, and r is the empirical exponent constant. Depending 

upon the type of transition, the value of r changes. The value of Eg was calculated by 

extrapolating the linear portion of the curve to intersect at the x-axis at the zero-

absorption coefficient value. 

 

2.2.6 Theoretical Studies 

The primary tool used in the study was Avogadro, an advanced three-

dimensional cross-platform for molecular editing and visualizing design. Using the 

Gaussian 09 software package, which is an extension of Avogadro, Density Functional 

Theory (DFT) calculations were carried out for finding the binding energy. Firstly, the 

geometry of the model molecules, as well as the H2O2, were optimized, and their 

energies were acquired. Later, the interaction was performed by placing the optimized 

H2O2 molecule close to the different functional groups in each of the optimized model 

molecules. The data presented here are repetition of several experiments. The binding 

energy (B.E) was calculated using the formula shown below: 

 

B. E. (∆G) = (Optimized energy of model molecule) +

(Optimized energy of H2O2) −

(Optimized energy of interaction between model molecule − H2O2)           (2.3) 

 

2.2.7 Peroxidase-like Activity Assay 

In order to examine the peroxidase-like activity of the synthesized CD, the 

oxidation of ABTS substrate was monitored in the presence of H2O2. Oxidized ABTS 
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has an absorbance maximum at 414 nm along with other peaks at 395 nm, 640 nm, and 

737 nm. The influence of different CD concentrations, H2O2 concentration, ABTS 

concentration, time, and temperature on the catalytic activity was investigated. The 

activity was measured in terms of relative activity (Wang et al., 2011). 

                   

                                 Relative activity (%) = 
𝐴1

𝐴2
× 100%                     (2.4)       

where, A1 is the absorbance of the sample, and A2 is the maximum absorbance.  

Kinetics study was performed for the reaction by varying the concentration of 

both H2O2 and ABTS. The experiment was carried out by varying the concentration of 

one substrate while keeping the concentration of the other substrate fixed and 

subsequently monitoring the absorbance change at 414 nm. The concentration was 

calculated using the Beer-Lambert Law:     

 

         𝐶 =
𝐴

𝜀𝑙
                     (2.5) 

where C is the concentration of the substrate, A is the absorbance, l is the optical path 

length, and ε is the molar absorption coefficient (36000 M-1 cm-1 for the oxidized 

product of ABTS). The absorbance data was back-calculated to determine the 

concentration of the oxidized product. The reaction rate at different concentrations of 

the substrate was determined by calculating the slope of absorbance change. The 

Michaelis-Menten constant (Km) and maximum velocity (Vm) were calculated from the 

Lineweaver-Burk plot of the double reciprocal of the Michaelis-Menten equation: 

 

1

𝑣
=

𝐾𝑚

𝑉𝑚
(

1

[𝑆]
+

1

𝐾𝑚
)           (2.6) 

where v represents initial velocity, Km is the Michaelis constant, Vm is the maximum 

velocity, and [S] corresponds to substrate concentration. 

 

2.2.8 Preparation of Paper-Based Platform     

We prepared the paper platform using Whatman Grade 1 filter paper. Using a 

punching machine, we pinched off two 5 mm diameter paper cuts, each for control and 

test zone. Afterward, the paper cuts were soaked in the stock CD solution (100 mg mL-

1) and let it dry for approximately 30 mins in the laminar airflow. Then, 0.5 μL of 1 M 
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H2O2 was added to the test zone followed by addition of 0.5 μL of 1 mM ABTS to both 

the control and test zones. The progress of the reaction was then monitored from the 

color change on the paper surface. 

 

2.2.9 Electrochemical Study of the CD 

Firstly, a 5 mm diameter glassy carbon electrode (GCE) was cleaned by 

polishing with a 0.3 μm alumina slurry followed by sonication in ethanol and water for 

10 min. The cleaned electrode was dipped into a 10 mg mL-1 CD solution (Acetate 

buffer, pH 3), incubated for 10 h and then performed cyclic voltammetry (CV) in a 

potential window of -0.50 V to +1.0 V using a scan rate of 50 mV s-1. All 

electrochemical measurements were performed in a potentiostat (Autolab, PGSTAT 

302 N, Netherland) in a three-electrode system using reference Ag/AgCl (197 mV vs. 

SHE) electrode and the platinum as a counter electrode. 

 

2.3 Results and Discussion 

2.3.1 Functional Groups for Peroxidase Activity 

In this study, we used acetic acid (CH3COOH), acetone (CH3COCH3), ethanol 

(C2H5OH), and aniline (C6H5NH2) as model compounds to comprehend the role of the 

respective carboxylic group, carbonyl group, hydroxyl group, and amine group in H2O2 

binding and decomposition studies. The model molecules were allowed to react with 

the ABTS in the presence of H2O2. Results show that acetic acid exhibited the highest 

peroxidase-like activity (Figure 2.1 a), while the compounds with either hydroxyl 

(ethanol) or amine (aniline) functional group did not support the reaction. However, we 

also noted a minor tendency of the acetone to support the reaction. Experiments were 

then performed to identify the functional group with the best binding to H2O2. We 

carried out Density functional theory (DFT) (B3LYP/631G) calculations using the 

Gaussian 09 software package. The final optimized stage of the interaction between 

model molecules and H2O2 is shown in Figure 2.2. The binding energy (in eV) of H2O2 

with acetic acid, acetone, ethanol and, aniline was found to be -35.91, -26.12, -34.89, 

and -34.01, respectively. As evident, among all the molecules, the acetic acid with the 

-COOH group displayed the best binding with H2O2. Hence, both the theoretical and 

experimental results confirmed that the carboxylic acid group acts as the substrate 
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binding and the catalytic site for peroxidase-like activity in CD. A pH-dependent study 

further threw light on the role of carboxylic (-COOH) and not the carboxylate (-COO-) 

group, which supports the peroxidase-like activity of acetic acid. With increasing pH, 

the peroxidase-like activity of the acetic acid decreased and retained the activity only at 

a pH value below its pKa value of 4.76 (Figure 2.1 b). The pH study also contradicted a 

previous report (Sun et al., 2015), where the -COO- was shown to have a role in the 

peroxidase-like activity of graphene quantum dots. 

 

 

Figure 2.1. (a) Time-dependent peroxidase-like activity of (i) H2O2+ABTS (control), 

(ii) acetic acid, (iii) acetone, (iv) ethanol, and (v) aniline at λ414 nm. The experiment was 

carried out using 100 mM each of acetic acid, acetone, ethanol, and aniline in the 

presence of 10 mM H2O2 and 1 mM ABTS. (b) UV-Vis absorption spectra at varying 

pH value of acetic acid (100 mM) in the presence of H2O2 (10 mM) and ABTS (1 mM), 

(i-vi) corresponds to pH values of 1.0, 3.0, 5.0, 6.0, and 14.0 respectively. (c) 

Comparison of peroxidase-like activity of (i) H2O2+ABTS (control), (ii) acetic acid, 

(iii) citric acid, and (iv) succinic acid at pH 1.96. (d) Intramolecular hydrogen bonding 

in citric acid. 
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Figure 2.2. Final stages of the optimized interaction between H2O2 and (a) acetic acid, 

(b) acetone, (c) ethanol, (d) aniline. 

 

To understand more about the role of the carboxylic group, we compared the 

activity among acetic acid (one -COOH), succinic acid (two -COOH) , and citric acid 

(three -COOH). We observed that succinic acid with two carboxylic acid groups offers 

97.4 % higher activity than acetic acid, while the citric acid with three carboxylic 

functional groups failed to fair well the trend (Figure 2.1 c) (pKa values in Table 2.1). 

The occurrence of intramolecular hydrogen bonding between the free carboxylic acid 

groups (Figure 2.1 d) (Leong, 2010), is the probable reason for the reduced reactivity of 

citric acid that hinders interaction of the free carboxylic acid groups with the peroxidase 

substrates. The higher peroxidatic activity of succinic acid than acetic acid has been 

attributed to the higher number of carboxyl functional groups present in the former 

molecule. 
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Table 2.1: Molecular structure and pKa values of different compounds. 

Compound name Structure pKa COOH 

L-Glutamic acid 

 

2.19 (main chain) 

4.25 (side chain) 

L-Glutamine 

 

 

2.17 

Succinic acid 

 

4.21 

5.64 

Glycine 

 

2.31 

Citric acid 

 

3.1 

4.7 

6.4 

Acetic acid 

 

 

4.76 
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Since the -COOH group offers better activity than the -COO- group, a molecule 

with any functional group that stabilizes this acidic group is expected to confer higher 

activity. Next, we analysed a range of compounds with a different chemical 

environment for the -COOH group in each case (Figure 2.3). The peroxidase-like 

activity significantly varied among the compounds, with the highest activity observed 

for L-glutamic acid. The activity for L-glutamic acid (1.04 x 10-7 Ms-1) was much higher 

than the rest of the compounds and 59 % higher than the corresponding succinic acid 

(4.26 x 10-8 Ms-1) despite the fact that both these compounds have the equal numbers 

(2 no’s) of carboxylic acid groups. Thus, we conclude that the α-amine group to the 

carboxylic acid is responsible for the higher peroxidatic activity of L-glutamic acid. The 

reason is attributed to the electron-donating effect of -NH2 through its lone pair of 

electrons that stabilises the -COOH group. The closer they are in a carbon backbone, 

the higher should be the effect. The lower activity of glycine, L-glutamine, and acetic 

acid than the L-glutamic and succinic acids is evident as they have fewer -COOH 

groups, as discussed above. Again, between glycine and acetic acid, the activity of 

glycine (101.1 nmol min-1 mL-1) was nearly 30 times higher than acetic acid (3.32 nmol 

min-1 mL-1), which also confirmed the positive effect of the amine group to the stability 

of the -COOH group. 

 

 

Figure 2.3. (a) UV-Vis absorption spectra of (ii) L-glutamic acid, (iii) succinic acid, 

(iv) glycine, (v) L-glutamine, and (vi) citric acid in the presence of H2O2 and ABTS. 

(b) Time-dependent absorbance change of (ii) L-glutamic acid, (iii) succinic acid, (iv) 

glycine, (v) L-glutamine, and (vi) citric acid at 414 nm. Experiment was carried out 

using 20 mM of each of the compounds, 10 mM of H2O2 and 0.5 mM of ABTS. The 

pH value in the reaction mixtures for the compounds was adjusted to 1.96, which is 
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below their pKa values (Table 2.1). (i) in both (a) and (b) corresponds to control 

(H2O2+ABTS). 

 

2.3.2 Synthesis and Characterization of CDs 

Motivated by the above results, we synthesized CDs using L-glutamic acid, 

glycine, succinic acid, citric acid, and L-glutamine to correlate the above findings. We 

recorded the UV-Vis absorption spectra and the excitation-emission spectra (Figure 2.4-

2.8) of the CDs. The fluorescence intensity of CD synthesized from citric acid and 

succinic acid were either low or not significant. Moreover, the CD derived from 

succinic acid precipitated rapidly with time. Hence, the fluorescence spectra were 

recorded only for CDs of L-glutamic acid (Figure 2.8), L-glutamine, and glycine 

(Figure 2.4 and 2.5). The excitation (λex) and emission (λem) wavelengths for L-glutamic 

acid (λex 354 nm, λem 443 nm, 0.85), L-glutamine (λex 326 nm, λem 368 nm, 0.66), and glycine (λex 

365 nm, λem 435 nm, 0.78) along with their respective λem to λex intensity ratio are shown in 

the parentheses. The CD derived from glycine turned into a dark brown solution 

following the pyrolysis process, which interfered with the colorimetric analysis. Similar 

to the results obtained for the pristine compounds presented above, the CDs obtained 

from L-glutamic acid (3.18 x 10-7 Ms-1) showed the highest peroxidase-like activity, 

followed by succinic acid (2.40 x 10-7 Ms-1), L-glutamine (3.80 x 10-8 Ms-1), and citric 

acid (1.83 x 10-8 Ms-1). However, the reaction rate (at λmax 414 nm for oxidized ABTS) 

with CDs was much higher than their corresponding precursor compounds, as can be 

exemplified for the L-glutamic acid CD with ~3.1-fold higher than the corresponding 

reaction rate with free L-glutamic acid. Considering the highest peroxidase-like activity, 

we pursued further studies with the L-glutamic acid CD (Figure 2.9). 
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Figure 2.4. (a) UV-Vis absorption spectra of (i) L-glutamine and (ii) CD synthesized 

from L-glutamine. (b) excitation (i) and emission (ii) spectra of the CD synthesized 

from L-glutamine. Inset: aqueous CD solution under visible light and UV light. 

 

 

Figure 2.5. (a) UV-Vis absorption spectra of (i) glycine and (ii) CD synthesized from 

glycine. (b) excitation (i) and emission (ii) spectra of the CD synthesized from glycine. 

Inset: aqueous CD solution under visible light and UV light. 

 

 

Figure 2.6. (a) UV-Vis absorption spectra of (i) citric acid and (ii) CD synthesized from 

citric acid. (b) Aqueous CD solution under visible light and UV light. 
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Figure 2.7. (a) UV-Vis absorption spectra of (i) succinic acid and (ii) CD synthesized 

from succinic acid. (b) Aqueous CD solution under visible light and UV light. 

 

 

Figure 2.8. (a) UV–vis absorption spectra of L-glutamic acid (i) and CDs (ii) 

synthesized from L-glutamic acid. (b) Excitation (i) and emission (ii) spectra of the CD 

synthesized from L-glutamic acid. Inset: aqueous CD solution under visible light and 

UV light. 
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Figure 2.9. Peroxidase-like activity of the CD synthesized from (ii) L-glutamic acid, 

(iii) succinic acid, (iv) glycine, (v) L-glutamine, and (vi) citric acid. (i) represents 

control. Experiment was carried out using 20 μL of 100 mg mL-1 of CD solution, 10 μL 

of 1 M H2O2 and 100 μL of 5 mM ABTS. 

 

The synthesized L-glutamic acid CDs show a distinct absorption peak at 326 nm 

(Figure 2.8 a) and an only excitation dependent emission peak at 443nm (Figure 2.8 b). 

The absorption peak corresponds to the n-π* transition of the C=O/ and heteroatoms N, 

O (Patir and Gogoi, 2018). The emission peak may be attributed to the surface state 

energy traps of the synthesized carbon dot. Under UV light, the CD solution appeared 

blue (inset Figure 2.8 b).  

The HRTEM analysis showed that the CDs are spherical nanoparticles, and the 

Gaussian-fitting curve revealed that their average size is 3.18±0.53 nm (Figure 2.10 b) 

(Scheme 2.1). The image showed uniformly distributed CDs with a lattice spacing of 

0.22 nm (inset Figure 2.10 a). The Selected Area Electron Diffraction pattern (SAED) 

illustrated the amorphous nature of the synthesized CD (Figure 2.10 c). 

 

 

Figure 2.10. (a) FETEM image of the CD synthesized from L-glutamic acid. Inset. 

Image of a single CD with the lattice spacing. (b) The size distribution of the CDs, (c) 

SAED pattern. 
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Scheme 2.1. Illustration of the synthesis of CDs from L-glutamic acid. 

The surface characteristics of the synthesized CD were analysed. In the FTIR 

spectrum (Figure 2.11 a), the broad peak at ~3500 cm-1 corresponds to O-H and N-H 

stretching vibrations of the surface hydroxyl group and amine group, respectively, that 

further reflects the hydrophilic nature of the CD. The peaks between 3000-2500 cm-1 

are attributed to the C-H stretching vibrations. The band at ~1700 cm-1 is because of the 

C=O stretching vibration of carboxylic acid and amide. The presence of both O-H and 

C=O stretching vibrations indicates the presence of the carboxylic acid group. C-H 

scissoring was confirmed with the appearance of 1370-1350 cm-1 bands. The band at 

1250 cm-1 is because of the C-N stretching. 
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Figure 2.11. (a) FTIR spectrum of the synthesized CD from L-glutamic acid. (b) Wide 

scan XPS spectrum. (c) C1s XPS spectra. (d) O1s XPS spectra. 

 

The broad scan XPS spectrum (Figure 2.11 b) shows three peaks at 284, 398.4, 

and 530.4 eV corresponding to C1s, N1s, and O1s, respectively, which confirms the 

presence of carbon, nitrogen, and oxygen functional groups on the surface of the CD. 

The deconvolution of high-resolution XPS spectra of C1s shows two peaks at 282.9 and 

286.5 eV corresponding to C-C and C=O groups (Figure 2.11). Furthermore, the O1s 

spectrum shows one peak at 529.7 eV, corresponding to the C=O bond (Figure 2.11 d). 

Both the FTIR and XPS results showed the presence of hydrophilic functional groups 

on the CD's surface that is useful for the nanomaterial's stability in aqueous solutions. 

Notably, the high aqueous stability of the nanoparticles is an essential criterion for their 

catalytic reactions that involve long operation time. The band gap energy, Eg, we 

determined for the L-glutamic acid CD was 1.25 eV (Figure 2.12). The small Eg value 

for the CD is likely to be caused by the presence of carbonyl groups on its surface, 

which is revealed from the above FTIR studies. The oxygen-containing functional 

groups are known to lower the band gaps of carbon dots (Figure 2.12) (Liu et al., 2019; 

Yu et al., 2018). 

 

 

Figure 2.12. Band gap of the CD synthesized from L-glutamic acid. 

 

We utilized both 1H NMR (Figure 2.13 a) and 13C NMR (Figure 2.13 b) 

spectroscopy and confirmed that the chemical constituent of the CD is only the 

pyroglutamic acid (IUPAC: 5-oxopyrrolidine-2-carboxylic acid). Notably, the pyrolysis 

of L-glutamic acid at 300 °C has been reported to produce three products, namely 
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pyroglutamic acid, pyrrolidinone, and glutarimide (Figure 2.14 ) (Sharma et al., 2004). 

The result implied that pyrolysis temperature has a significant impact on the chemical 

constituent of the CDs. A comparatively low pyrolysis temperature used in the present 

investigation (199 °C) has reduced the chemical complexity by generating a single 

compound for a homogeneous chemical environment in the CD. We further confirmed 

the spectra using the ChemDraw software. Except for the hydroxyl proton, all the 

carbon, as well as the protons were observed in the 13C and 1H NMR spectra, 

respectively. The hydroxyl proton signal is likely to be suppressed in the NMR spectra 

because of the proton exchange with the D2O solvent. Although the water suppression 

mode was used during the recording, the solvent peak still appeared in the 1H NMR 

spectra. 

 

 

Figure 2.13. (a) 1H-NMR (400 MHz, D2O) spectra of the synthesized CD: δ (ppm) = 

2.14 (-CH, Position 2a), 2.36 (-CH, Position 1a and 2b), 2.50 (-CH, Position 1b), 4.3 (-

CH), 7.8 (-NH). The solvent peak is marked with asterisk. (b) 13C-NMR (400 MHz, 

D2O) spectra of the synthesized CD: δ (ppm) = 24.5 (C1), 29.3 (C2), 181.9 (C3), 56.3 

(C4), and 176.9 (C5). 

 

 

Figure 2.14. Pyrolysis products of L-glutamic acid obtained at 300 °C. 
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2.3.3 Peroxidase-like Activity of the Synthesized CDs 

We observed that the reaction of the peroxidase substrates (H2O2 and ABTS) 

increased (at λmax 414 nm) in the presence of CDs and followed a rate of 1.12 x10-6 Ms-

1 (Figure 2.15 and 2.16). The Michaelis-Menten model was used to discern the kinetic 

parameters, and from the Lineweaver-Burk plot, the Km and Vm values were determined 

(Figure 2.17). The Km value of the CD with H2O2 as the substrate was found to be 5.85 

mM (4.53 x 10 -4 Ms-1), whereas, for ABTS, it was 1.06 mM (6.46 x10-3 Ms-1) with Vm 

values in the brackets. It indicates that the CD has a higher affinity for ABTS compared 

to H2O2. The turnover numbers (Kcat) for the CD with H2O2 as a substrate was calculated 

to be 0.011 s-1. All the above results implied that the CDs behave as catalysts, bearing 

peroxidase-like activity. However, the CD displayed a remarkable performance up to 

90 °C (Figure 2.15 c) against the HRP, which only offers a stable activity up to ~40 °C 

(Figure 2.15 d).  Based on the above results, we suggest that the L-glutamic acid CD 

could be a suitable replacement of the widely used enzyme, HRP, for the peroxidase 

assay where thermostability is the critical requirement. 

 

 

Figure 2.15. (a) Time-dependent absorbance change at 414 nm of ABTS in different 

reaction systems: (i) ABTS + CD + H2O2, (ii) ABTS + CD, and (iii) ABTS + H2O2. The 
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experiment was performed using 10 mg mL-1 CD, 1 mM H2O2 and 5 mM ABTS. (bi) 

Photograph of different systems after 2 min of reaction, sequentially from left: ABTS 

+CD+H2O2, ABTS+CD, and ABTS+H2O2, (bii) Reaction on the paper platform. 

Control: CD+ABTS (left panel) and test: CD+H2O2+ABTS (right panel). (c) The 

peroxidase-like activity of CD at different temperatures. (d) Comparison of temperature 

stability for CD (i) and HRP (ii). (e) Response curve for H2O2 using 10 mg mL-1 CD, 

10 mM ABTS. The error bars represent the standard deviation (n = 3). The experiment 

was performed using 10 mg mL-1 CD and 50 mM ABTS, (f) Linear calibration for H2O2 

detection. 

 

 

Figure 2.16. The peroxidase-like activity is dependent on the concentrations of (a) CD, 

(b) H2O2, and (c) ABTS.  

 

 

Figure 2.17. Steady state kinetic assay of the CD derived from L-glutamic acid. 

Experiment was performed using 5 mg mL-1 CD at room temperature. (a) The 

concentration of ABTS was 1mM and the H2O2 concentration was varied from 0.1 mM 

to 10 mM. (b) The concentration of H2O2 was 10 mM and the ABTS concentration was 

varied from 0.1 mM to 4 mM. 
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Based on the peroxidase-like activity of the CDs, we developed a colorimetric 

assay for the detection of H2O2 by monitoring the absorbance change at λmax 414 nm 

for the oxidized ABTS (Figure 2.15 e).  A dynamic range of 0.05-5 mM with a limit of 

detection (LoD) of 110 μM for H2O2 was identified (Figure 2.15 f). The LoD was 

calculated using the formula LoD = 3σ/m, where σ is the standard deviation of the 

absorbance of blank, and m is the slope of the calibration curve. We found that the 

agglomeration of CDs is a challenge for the assay as described in the next section, and 

hence conducted a preliminary study of the reaction on a chromatographic paper 

(Whatman Grade 1) platform (Figure 2.15 bii). The green colour of the oxidized ABTS 

was formed within a few seconds in the test zone. The result demonstrated that even the 

paper being a solid material, supports the reaction. Further, this microporous 

hydrophilic material is likely to prevent the diffusion led aggregation of the 

nanomaterial caused by the peroxidase substrates.  

 

2.3.4 Characterization of CD Aggregation 

The steady-state kinetics of the CD catalysed peroxidase reaction was restricted 

by the incubation reaction time and higher peroxide concentrations. We found that the 

reaction did not follow the kinetics rationally beyond the reaction time of approximately 

two mins, and showed irregularity in response beyond the H2O2 concentration of ~10 

mM under the standard conditions of the assay. The response (absorbance) waned 

rapidly, and no change was observed even after the addition of extra ABTS (135 μM) 

in the reaction (to ensure its concentration beyond the rate-limiting level of 125 μM) 

(Figure 2.18 ai). The activity, however, abruptly increased (31 %) upon addition of an 

extra amount (50 % of original) of CD to the reaction (Figure 2.18 aii). The result is 

intriguing, indicating turnover catalytic power of the CDs used originally has been 

diminished.       
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Figure 2.18. Absorbance versus concentration of H2O2 at a fixed concentration of CD 

(5 μg mL-1) and ABTS (125 μM). Response to the absorbance (ai) following the 

addition of extra ABTS (135 μM) at the saturated H2O2 concentration, and (aii) 

following the addition of extra CD (7.5 μg mL-1) at the saturated H2O2 concentration. 

(b) Comparison of the band gap before and after the reaction of CD with H2O2. 

We monitored the interaction of the CD with H2O2 by UV-Vis spectroscopy 

following a time lag of two mins. With the increasing concentrations of H2O2, a 

bathochromic shift of the CD spectra occurred (Figure 2.19 a). The wavelength shift 

occurred with the increasing concentration of H2O2 and then slowed down the change 

(Figure 2.19 b), indicating agglomeration of the nanomaterial. We observed an increase 

in the band gap of the CD from 1.25 eV to 3.70 eV following its interaction with H2O2 

(Figure 2.18 b). However, no shift in the fluorescence spectra during the interaction of 

CD with H2O2 was detected following their prolonged incubation. Hence, it is evident 

that the CD's intrinsic property has not changed, and the observed increase in the band 

gap is simply because of the agglomeration that affects the absorption of light. This 

substrate-induced agglomeration phenomenon could be used to explain the observed 

slowdown of peroxidase reaction and a sudden rise in the reaction (absorbance) upon 

the addition of an extra amount of CD in the reaction (Figure 2.18 aii). 
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Figure 2.19 (a) UV-Vis absorption spectra of CD at different concentration of H2O2. 

(i–v) Corresponding to CD, CD+5 mM H2O2, CD+50 mM H2O2, CD+100 mM H2O2, 

and CD+200 mM H2O2 respectively. (b) Plot of log (λnm shift) vs [H2O2]. 

 

We examined for any changes in the morphology as well as the topography of 

the CD upon it’s prolong reaction with the two-peroxidase substrates. A FETEM study 

demonstrated that the size of the CD particles increased with increasing concentrations 

of H2O2 and transformed into agglomerated form (Figure 2.20 A). Besides, the 

agglomeration was also formed when ABTS was introduced into the CD+H2O2 system 

(Figure. 2.20 Ba). Interestingly, the CDs also agglomerated in a solution containing 

only ABTS (Figure 2.20 Bb). However, the pattern of the agglomerated structures 

differed in both the cases (i.e., ABTS and H2O2), with darker, and hence, denser 

aggregates are formed with H2O2. The carbon-skeleton based ABTS likely to generate 

less dense and hence lighter agglomerates with CDs reflecting as whitish particles due 

to lower Brag diffractions. The agglomerates from the mixed substrates (Figure 2.20 

Ba) revealed that the size of the agglomerates formed from ABTS is much smaller with 

uniform sizes than the one formed with H2O2. The findings indicate the mechanisms of 

agglomeration is different for the two substrates that are discussed in the next section. 

We suggest that this agglomeration of the CDs is responsible for decreased peroxidase 

activity, as discussed above. The high aggregation is likely to hamper the substrate 

diffusion to the CD nanoparticles, and thereby significantly reducing the activity. The 

phenomenon is fascinating, as the general concept of the nanomaterial's inherent 

tendency to agglomerate (Gosens et al., 2010), is not straightway applicable in the 
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present case, as unlike in the reaction mixture, the unreacted CDs do not aggregate 

during the tested time scale (Figure 2.20 Aa).  

 

 

Figure 2.20. FETEM images on the effect of substrates on the morphology of CD. (A) 

Reaction with H2O2 (a) CD (Control: no substrates), (b) CD+25 μM H2O2, (c) CD+5 

mM H2O2, and (d) CD+50 mM H2O2. (B): (a) CD+H2O2 (5 mM H2O2)+ABTS (250 

μM) (the denser particles and less dense whitish particles are shown with arrows), and 

(b) CD+ABTS (250 μM). The experiments were performed using a 2 mg mL-1 CD 

concentration. (C) Schematic illustration of the possible interaction between CD and 

H2O2.The red arrow indicates the possible regions of stretching vibration as a result of 

the interaction. 

 

Considering the general fact that the agglomeration of nanoparticles is a surface-

induced phenomenon (Gosens et al., 2010), we examined the zeta (ζ) potential of the 

native CD and in the presence of its peroxidase substrates (Figure 2.21 a). Upon mixing 

with H2O2, the ζ- potential of the native CD (+2.1 ± 0.10 mV) changed to +1.94 ± 0.15 

mV, showing that the surface charge is not significantly affected in the presence of 

H2O2. However, with the addition of ABTS (-2.6 ± 0.05 mV), the ζ- potential of CD 

changed to +0.1 ± 0.08 mV. Further, the value changed to +0.7 ± 0.1 mV in the presence 

of both the substrates. The result implies that the interaction between the CD and ABTS 

is electrostatic, promoting agglomeration of CDs through the surface charge 

neutralization. However, this initial interaction might also facilitate the transfer of 

charge from ABTS to CD for the reaction to occur. To crosscheck the fact, instead of 
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ABTS, we performed the assay with another widely used peroxidase co-substrate, TMB 

(Figure 2.21 c), which is positively charged. As expected, no reaction was occurred, as 

indicated by the lack of colour formation with TMB (Figure 2.21 b). Above results also 

prompted us to conclude that H2O2 let agglomeration involves different mechanism, 

which will be discussed in the next section. As the peroxidase assay was performed in 

acidic pH, the -COOH group in pyroglutamic acid (pKa 3.32) is present in the non-

dissociated form. Under this acidic condition, the protonated amine group poised the 

positive zeta potential value to the pyroglutamic acids CD.  

 

 

Figure 2.21 (a) Zeta potential of different reaction systems. The concentrations of CD 

(10 mg mL-1), ABTS (100 μM) and H2O2 (1 mM) used in the reaction mixture are shown 

in the brackets. (b) Comparison of the intensity of colour formation of TMB (1 mM) 

and ABTS (1 mM) in the presence of CD (10 mg mL-1) and H2O2 (10 mM). The final 

concentrations are shown in the brackets. Structure of (c) TMB, and (d) ABTS.  

We performed the 13C NMR (Figure 2.22) and 1H NMR (Figure 2.23) analysis 

and observed that the skeleton of the CD structure has not changed after its interaction 

with H2O2 and ABTS. However, a negligible peak shift was observed in the 1H NMR 

spectra for the CD+H2O2 and the CD+H2O2+ABTS reaction system. While in the 

CD+H2O2 reaction system, an upfield shift, i.e., shielding was observed whereas a 

downfield shift, i.e., deshielding, was observed in the CD+H2O2+ABTS reaction system 

for the 1st, 2nd, and 4th proton. In the spectra, an inset is shown only for the 4th proton 

for reference. The negligible shielding and deshielding of the protons at position 1st, 2nd 

and 4th might be because of the steric hindrance occurring in the agglomerated 

structures. The D2O solvent was likely to have a role in the chemical shift.  
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Figure 2.22. 13C NMR spectra of different reaction systems. (a) CD. (b) CD+H2O2. (c) 

CD+H2O2+ABTS. 

 

 

Figure 2.23. 1H NMR spectra of different reaction systems. (a) CD. (b) CD+H2O2. (c) 

CD+H2O2+ABTS. Inset: spectra shift. The solvent peak is marked with an asterisk.  
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An FTIR study was performed to investigate the role of the surface functional 

groups in the formation of CD agglomerated structures. We visualized the interaction 

between the CD and H2O2, as shown in the scheme (Figure 2.20 C). The H2O2 molecule 

binds with the carboxylic group of the pyroglutamic acid, forming a six-membered ring-

like structure that resulted in increased stretching vibration of O-H, N-H, C=O, and C-

N groups (Figure 2.24). With the addition of ABTS to the CD+H2O2 reaction system, 

the intensity of the peak at 3500 cm-1 decreased to a substantial level. Again, when only 

ABTS reacted with CD, the peaks within 3500-2500 cm-1 were significantly suppressed, 

indicating the interaction between these entities substantially alters the surface chemical 

environment of the CDs. We compared the two kinds of aggregations of CD in the 

backdrops of the above results, and propose that the larger aggregation caused by H2O2 

is due to its higher intermolecular cross-linking through multiple H-bonding with the 

CD than the corresponding ABTS. The binding of ABTS with CD is mostly through 

electrostatic interaction with its available charged groups with the positively charged 

amino group of the CD. 

 

 

Figure 2.24. Comparison of the FTIR spectra of CD, CD+H2O2, CD+H2O2+ABTS, and 

CD+ABTS. 
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2.3.5 Mechanism of Peroxidase-like Activity of CDs 

We examined the electron transfer mechanism of the CD catalysed peroxidase 

reaction using the ESR technique, followed by UV-Vis and fluorescence spectroscopy. 

In general, the nanoparticle-based peroxidase reactions are known to undergo Fenton 

reaction wherein the nanomaterial directly reduces H2O2 to OH. (Chen et al., 2012),  

with a few exceptions like Co3O4 NPs (Dong et al., 2014). Our investigation showed 

the absence of a typical ESR signal for the hydroxyl radical, indicating that the reaction 

between CD and H2O2 may not follow the Fenton mechanism. We remodelled the 

experiment (Figure 2.15 a) to a more sensitive scale zone with a variation of CD and 

fixed ABTS concentrations, and found that even in the absence of H2O2, CD oxidises 

ABTS, albeit at a very low level (Figure 2.25 a). The oxidation was increased with the 

increasing concentration of CD, as evident from the intensity decreased at λmax 340 nm 

for ABTS and increased at λmax 414 nm, 640 nm, and 725 nm for the oxidised ABTS. 

Results indicate that CD acted as an electron trap, capturing electrons from ABTS. 

Interestingly, in the presence of H2O2, the peak for oxidized ABTS (λmax 414 nm, 640 

nm, and 725 nm) increased intensely. For example, the intensity at λmax 414 nm for 2 

mg mL-1 CD and 10 μM of ABTS was increased to 11-fold with the addition of 5 mM 

of H2O2 to the reaction mixture (Figure 2.25 b). The above findings confirmed the CD’s 

catalytic role for the H2O2 (+1.776 V) led oxidation of ABTS (+0.69 V) is facilitated 

by their respective high redox potentials shown in the parentheses under acidic 

condition. 
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Figure 2.25. (a) Absorption spectra for the reaction between ABTS and increasing 

concentration of CD, (i-vi) corresponding to 2 mg mL-1, 4 mg mL-1, 6 mg mL-1, 8 mg 

mL-1 and 10 mg mL-1 CD concentrations, respectively. (b) Overall reaction among CD, 

H2O2, and ABTS, (i-vi) corresponds to ABTS, ABTS+H2O2, 2 mg mL-1 CD+ABTS, 2 

mg mL-1 CD+ H2O2+ABTS, 4 mg mL-1 CD+ABTS, 4 mg mL-1 CD+H2O2+ABTS, 6 

mg mL-1 CD+ABTS, 6 mg mL-1 CD+H2O2+ABTS, respectively. (c) Fluorescence 

spectra of different reaction systems: (i) CD, (ii) ABTS, (iii) CD+ABTS, (iv) CD+10 

μM H2O2+ABTS, (v) CD+10 mM H2O2+ABTS, (vi) CD+100 mM H2O2+ABTS. (d) 

CD fluorescence quenching at different concentration of H2O2. (i-iv) corresponding to 

0 μM, 10 μM, 10 mM, and 100 mM, respectively. (e) Stern-Volmer plot of (i) CD+H2O2 

and (ii) CD+H2O2+ABTS reaction systems. The reaction was performed by mixing 

suitable quantities of CD and H2O2 and incubated for 1 min. Subsequently, a suitable 

quantity of ABTS was added to the above mixture, followed by incubation for another 

1 min. The final concentrations of ABTS in all the reactions was 10 μM, CD in Fig. (c) 

and (d) was 1 mg mL-1, and H2O2 in Fig. (b) was 5 mM. The fluorescence spectra were 

recorded immediately after the incubation. 

 

We observed that at the λex 354 nm of CD, only ABTS without CD and H2O2 

also exhibits a λem at ~480 nm. There is considerable overlap between the emission 

spectra of the CD and ABTS (Figure 2.25 c). Interestingly, the CD, when mixed with 
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ABTS, a hybrid and only emission peak emerged at λem 455 nm, which is a 27 nm red 

shift to the λem of CD and 25 nm blue shift to the λem of ABTS. In the presence of H2O2, 

the peak at λem 455 nm developed a hypsochromic shift, and the shift continues with the 

increasing concentration of H2O2 until the intrinsic λem 443nm peak for the CD is 

attained. Further, with increasing H2O2 concentrations and a fixed concentration of CD 

and ABTS, the fluorescence intensities were significantly quenched (Figure 2.25 d) as 

evident from the Stern-Volmer constant of 2.2 µM-1 determined from the plot (Figure 

2.25 e). The formation of the hybrid λem 455 nm peak originated from the ABTS 

adsorption on the CD surface through electrostatic interactions with their 

complementary charges and protonation that perturbed the CD’s energy. Indeed, 

protonation of the amino group leads to an increased delocalization of the lowest 

unoccupied molecular orbital across the whole molecule, which results in a lowering of 

the excited state energy (Zhang et al., 2013). Additionally, the binding of ABTS to the 

CD is more like an N-doped phenomenon that resulted in red shift of the spectra 

(Carolan et al., 2017). The back shifting of the λem from 455 nm to 443 nm upon addition 

of H2O2 implies gradual desorption of ABTS from the CD surface due to its 

transformation into the oxidized form because of the peroxidase reaction. All of these 

findings demonstrated that the electron transfer takes place from ABTS to CD to H2O2, 

the latter is then finally reduced with concomitant regeneration of the original electronic 

state of CD (Figure 2.26).  

 

 

Figure 2.26. Schematic illustration of the electron transfer mechanism. 
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We find that the H2O2 led fluorescence quenching of the CD also occurred in 

the absence of ABTS. The extent of quenching was determined by using the 

Stern−Volmer plot (Figure 2.25 e), which is linear for a wide range of H2O2 

concentrations. The Stern-Volmer constant was determined to be 9.9 µM-1, which is 

~4.5 fold higher than the value obtained for the reaction containing ABTS as mentioned 

above. Expressing in a simplified form, the mixtures containing 10 and 100 mM of 

H2O2 with a fixed ABTS concentration exhibited 5.51 % and 40.46 %, respectively 

lesser quenching intensity than the corresponding mixtures that void ABTS (Table 2.2).  

The result implies the depletion of H2O2 in the mixture containing both the substrates 

because of the CD catalysed peroxidase reaction.  In a previous study, the electron 

transfer from the graphene nanomaterial to H2O2 has been ascribed to the increased 

Fermi level electron density that speed up the electron transfer process (Song et al., 

2010). This non-peroxidase (as no reducing equivalent like ABTS involved) based 

fluorescence quenching phenomenon could also be exploited to detect H2O2 following 

the similar approach used to detect other compounds and ions (Kong et al., 2016; Yarur 

et al., 2019; Zhang et al., 2015). 

 

Table 2.2: H2O2 led emission quenching of CD with and without ABTS.  

 

Based on our critical findings and explanations, we propose here a mechanism 

on the L-glutamic acid CD-based colorimetric peroxidase reaction, as shown in Figure 

2.27 b. Recalling the surface exposed nitrogen and -COOH functional group identified 

from 1H NMR, 13C NMR, XPS, and FTIR, we depict here the primary point of 

H2O2 [mM] % of quenching (with 

respect to the CD intensity 

at λem 443nm) 

% of quenching (with 

respect to the CD+ABTS 

intensity at shifting λem from 

455 nm to 443nm) 

0.01 -2.92 6.20 

10 20.31 14.80 

100 67.79 27.33 
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electrostatic interaction for ABTS, which is in protonated form (Figure 2.27 a) (Ilyasov 

et al., 2020), is the quaternary amine (under acidic assay condition) exposed on the CD 

surface. This docking of negatively charged ABTS further stabilizes the -COOH in α-

carbon of the pyroglutamic acid, activating the catalytic function and binding affinity 

of –COOH group to H2O2 through H-bonding. We suggest that these interactions and 

bindings bring the ABTS and H2O2 closer to each other in the CD backbone, facilitating 

hydride transfer from ABTS to the oxygen of the polarized peroxide, leading to the 

formation of water molecules at the end. The fundamental driving force for this redox 

process, however, is the favourable redox potentials of ABTS (+0.69 V) and H2O2 

(+1.776 V), including the redox potential (+0.93 V) of the CD, which is almost in the 

middle of the redox potential axis between these two peroxidase substrates favouring 

the transfer of electrons. We identified the redox potential of the CD by cyclic 

voltammetry (Figure 2.28). Once ABTS is oxidized as a result of the reaction, it 

detaches from the CD surface due to its electrostatic repulsion from the positively 

charged amine group of the CD backbone. As a spontaneous event, another ABTS binds 

to the positively charged amino group of the CD through electrostatic interaction, 

continues the steady-state reaction process following this linked adsorption, and 

desorption of ABTS molecules. As a whole, CDs offer docking place for ABTS, -

COOH as catalytic and binding sites for H2O2, provide interacting distance between 

these two substrates, and a suitable potential to facilitate the redox reactions. 
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Figure 2.27. (a) Conversion of ABTS to its protonated form at low pH. (b) Mechanism 

of the CD-based peroxidase-like reaction. 

 

 

 

Figure 2.28. (a) Cyclic voltammetry of bare glassy carbon electrode (GCE) and GCE 

immobilized with CD in 50 mM acetate buffer (pH 3.0) at a scan rate of 50 mV s-1 using 

the Ag/AgCl reference electrode. (b) Expanded redox peak of the CD at +0.93 V. 

 

2.4 Conclusion 

This work reports a systematic study on the mechanism of peroxidase-like 

activity of CD. With the aid of simple carbon-containing molecules as model 

compounds, we unveiled for the first time that the carboxylic group binds to H2O2 with 

maximum energy and exhibits maximum peroxidase-like activity in contrast to the 

carbonyl, hydroxyl, and amine group. We also gained a new insight that a compound 

with an amine group near the carboxyl group exhibits a higher degree of peroxidase-

like activity. The strategy of using combined theoretical and experimental studies has 

identified L-glutamic acid as a suitable compound for peroxidase-like activity. The L-

glutamic acid, when carbonized through a simple low-temperature pyrolysis method, a 

uniformly distributed photoluminescent CD with pyroglutamic acid as the sole core 

constituent was formed. Interestingly, the CD exhibited much higher peroxidase-like 

activity than free L-glutamic acid and the CDs prepared from the other compounds 

including the widely used precursor, citric acid. The amino group of the pyroglutamic 

acid, along with the conjugated carbonyl system in the ring, is likely to generate the 

donor/acceptor-environment to bring about the fluorescence phenomenon. The 
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emission is, however, in a short wavelength region (443nm) owing to a limited π-

conjugated system in the CD, as more the π conjugation length longer the λem reported 

(Yamaguchi et al., 2008). This study has also confirmed that the CD acts as a peroxidase 

mimic and interacts electrostatically with ABTS through their complementary charges. 

Following the reaction with H2O2, the oxidized ABTS released from the CD surface, 

setting its surface free for the next round of reaction. The most plausible interaction of 

this highly water-soluble nanomaterial with H2O2 has been attributed to the H-bonding 

through its surface-oriented carboxyl functional groups, which are also catalytic and the 

binding sites for the peroxide as revealed from our studies. These interactions laid the 

foundation for the charge transfer from ABTS to H2O2 through CDs, which behave as 

a semiconducting electron trap, leading to a substrate-dependent catalytic conversion 

process. Based on the detailed spectroscopic studies, a reaction  mechanism on the 

peroxidase-like activity of the synthesised CDs was comprehended as a step forward on 

the subject. Although, the synthesized CD demonstarted low peroxidase-like activity 

(as evident from high Km) compared to the previously reported CDs (Dong et al., 2015; 

Shi et al., 2011; Wu et al., 2013; Yang et al., 2017; Zhao et al., 2019; Zheng et al., 

2016; Zhu et al., 2014), the foremost objective of our study was to elucidate the 

peroxidase-like mechanism of the CD, which would further help to design more 

efficient peroxidase mimic. 

The thermostability of the CD, along with its simple synthesis route through a 

low-temperature pyrolysis method reported here, may provide ample scope for its 

application in developing low cost and stable sensor platforms for various peroxide-

detections. Further, studies revealed that besides the colorimetric approach, the 

fluorescence-quenching signal from the CD could also be used for the determination of 

H2O2. The major challenge of using the CDs is their substrate-induced aggregation over 

time in aqueous reaction medium. To this effect, we suggest solid platforms for the 

peroxide sensing/assays that are expected to eliminate the diffusion led aggregation of 

the nanoparticles. From a preliminary study, we find chromatographic paper as a 

suitable platform for performing the peroxidase reaction of the CDs, where the diffusion 

led aggregation of the CDs likely to be averted. The understanding from the present 

investigation may lay the groundwork for  developing the CD-based robust analytical 

platforms to detect H2O2 of diverse chemical and biological application.
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3.1 Overview 

Over the last few years, carbon dots (CDs) have received wide attention due to 

their high-water solubility, good biocompatibility, low toxicity, high optical stability, 

easy surface functionalization, tuneable fluorescence property, and inexpensive and 

straightforward synthesis protocols (Das et al., 2021b). These properties have prompted 

the exploration of these zero-dimensional nanomaterials for diverse applications such 

as bioimaging, sensing, catalysis, dye-sensitized solar cells, drug delivery, and light-

emitting devices (Gowthaman et al., 2017). Among these applications, CDs have been 

more aggressively studied in the analytical fields due to their tuneable and stable 

fluorescence properties and high peroxidative activities (Das et al., 2021c; Wang et al., 

2019; Wang et al., 2017). However, these analytical applications urge more in-depth 

investigations on these sensitive optical materials for their applications in biological 

samples where a complex cohort of diverse molecular entities is present. Again, within 

these entities, the molecules and materials bestowed upon with intrinsic fluorescence 

properties such as proteins need more attention to avoid any fluorescence cross-talk 

during the analytical applications. 

A plethora of reports on the peroxidatic properties of CDs that address both 

basic as well as application facets of these nanomaterials is available (Das et al., 2021c, 

2021a; Dong et al., 2015; Gul et al., 2020; Kitchawengkul et al., 2021; Liu et al., 2020; 

Shi et al., 2019; Shi et al., 2011; Wu et al., 2013; Yang et al., 2017, 2021; Zhao et al., 

2019; Zheng et al., 2016; Zhu et al., 2014). These properties of CDs could provide 

qualitative or quantitative information on the peroxides present in the sample following 

both fluorescence and colorimetric principles. These peroxidative functions of CDs 

could also be coupled with various peroxide-producing enzymatic reactions to 

indirectly determine the secondary analytes, which is the primary substrate for the redox 

enzyme catalysis the way peroxidases are used in a bienzyme colorimetric system to 

extract analytical information for various analytes (Ngo et al., 2021; Nirala et al., 2015; 

Shan et al., 2014). The current bienzyme systems for detecting these analytes have 

primarily relied upon horseradish peroxidase (HRP) that catalyses the degradation of 

H2O2. However, using multiple enzymes in a single detection platform increases the 

cost and complexity of the analytical devices or methods. In order to reduce these 
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drawbacks, CDs with several unique properties, as discussed above could be a better 

replacement for HRP (Das and Goswami, 2020).  

The studies on CDs as optical signal generating material for clinical diagnosis 

is not widely known. While replacing peroxidases with CDs in bienzyme reaction 

systems is inspiring, the risk of interference on the optical signal of these highly 

sensitive zero-dimensional nanomaterials from the complex milieu of samples, 

including the coupled redox enzyme proteins, needs to be properly evaluated. There 

have been a few reports on the interaction between CDs and human serum albumin 

(HSA) protein (Huang et al., 2016; Liang et al., 2020; Song et al., 2020; Xu et al., 2016) 

However, these reports mainly focuses on the protein fluorescence behaviour occurring 

during the interaction. Therefore, a detailed study on the multifaceted interactions of 

the CDs with the coupled enzyme systems of analytical interest and predominant 

proteins in the samples is essential to comprehend the application scope of these optical 

nanomaterials as a peroxidase mimic in clinical diagnosis.   

Herein, we studied the prospects of pyroglutamate (PGA) CD as a fluorescent 

probe for peroxide detection in enzyme-based reaction systems of clinical importance. 

Accordingly, we selected three enzymes, namely, cholesterol oxidase (ChOx), glucose 

oxidase (GOx), and alcohol oxidase (AOx), the reactions of which are routinely used 

for the detection of their respective analytes in clinical diagnosis. As a part of the 

investigation, we first studied the effect of the interactions on the fluorescence signals 

emanating not only from the quantum CDs but also from the protein for their TRP/TYR 

residues to understand any optical energy transfer between these two entities that may 

have any influence on the CD’s analytical performance. These interactions encompass 

CD-enzyme protein and CD-enzyme protein-substrate in both buffer and blood serum 

mediums. The cause and consequence of the interactions could be divulged by dint of 

computational, zeta potential, and circular dichroism studies for binding energy, surface 

charge, and secondary structure of the proteins, respectively. We also extended these 

interaction studies of CDs to HSA, considering its abundance in blood serum and non-

catalytic nature to evaluate its interference in the analytical fluorescence signal. For a 

comparative account, we also studied the CD as a colorimetric peroxide probe in 

conjunction with a chromogenic dye (ABTS) and generated analytical information for 
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the studied enzyme reaction systems. A detailed account of these aspects has been 

described in this chapter. 

 

3.2 Experimental Section 

3.2.1 Materials 

Human serum albumin (HSA), glucose oxidase (GOx) from Aspergillus niger, 

cholesterol oxidase (ChOx) from Streptomyces, alcohol oxidase (AOx) from Pichia 

pastoris, horseradish peroxidase (HRP), cholesterol (Chol), and 2,2′-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) were obtained from Sigma Aldrich, 

USA. Bilirubin (BILI) was purchased from SRL, India. D-(+)-Glucose (GL), ethanol 

(EtOH) (99.8 %), methanol (MeOH) (99.7 %), sodium dihydrogen phosphate 

(NaH2PO4), disodium hydrogen phosphate (Na2HPO4), potassium dihydrogen 

phosphate (KH2PO4), dipotassium hydrogen phosphate (K2HPO4), sodium acetate, 

acetic acid was bought from HiMedia, India. The reagents were of analytical grade and 

used as received without further purification. All the solutions were prepared using 

ultrapure water (resistivity>18 MΩ.cm).  

 

3.2.2 Synthesis of CDs 

The CDs were synthesized as previously reported by our group (Das et al., 

2021c). Briefly, 400 mg of L-glutamic acid was heated at 199 °C until it started melting 

and gradually changed its colour to pale yellow, followed by the addition of 4 mL of 

water. After stirring the reaction mixture for 30 mins, centrifugation was carried at 

13,000 xg for 30 mins. The as-prepared CDs were then dialysed using a semipermeable 

membrane with a 1 kDa molecular weight cut-off filter. The CDs, which were 

rigorously characterized in our previous study (Das et al., 2021c), exhibits an average 

diameter of 3.18±0.53 nm, and appears blue under the UV-light. 
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3.2.3 Fluorescence Measurement 

The fluorescence measurements were obtained using FluoroMax-4 (HORIBA 

Scientific). Each fluorescence spectrum was the average of 3 scans. The fluorescence 

lifetime was measured by time-correlated single-photon counting (TCSPC) using a Pico 

Second Time-Resolved Fluorimeter (Make: Edinburg Instruments, Model: Lifespec II) 

with an excitation at λ375 nm. The average lifetime was calculated using the following 

equation (Shang et al., 2014),  where Ai is the amplitude and 𝜏𝑖 is the lifetime value of 

the ith lifetime component: 

                                                    𝜏𝑎𝑣𝑔 =
∑𝐴𝑖𝜏𝑖

2

∑𝐴𝑖𝜏𝑖
                                     (3.1) 

For each enzyme, the fluorescence experiment was performed using 10 μL of 1 mg mL-

1 stock of each enzyme, 10 μL of stock CD solution (100 mg mL-1), 5 μL of 1M of the 

substrate (final 5 mM), and the required amount of buffer.   

 

3.2.4 UV-Vis Absorbance and Circular Dichroism Measurements 

UV-Vis absorption spectra were recorded by a double beam Cary 60 UV-Visible 

spectrophotometer (Agilent Technologies). The spectra were measured from λ200 nm to 

λ800 nm in a 1 cm path length quartz cuvette. The circular Dichroism study was carried 

out at room temperature on a Jasco J-815 (Japan) spectropolarimeter using a 10 mm 

path length cuvette. The spectra were recorded in the λ185 nm-240 nm range at a 100 nm/min 

scan rate with continuous scanning. Each spectrum was the average of 3 scans and was 

corrected by buffer solutions. By using the online DichroWeb server and the SELCON3 

analysis program, the secondary structures were predicted. 

 

3.2.5 Zeta Potential Measurements 

The zeta potential was studied by the Zetasizer nano series (Malvern 

Instruments Limited, UK) in a capillary cell with a gold-plated beryllium/copper 

electrode. All the measurements were carried out at room temperature, and each 

experiment was repeated three times.  
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3.2.6 Field Emission Transmission Electron Microscopy (FETEM) 

Study 

FETEM was performed on JEOL JEM- 2100F at an accelerating voltage of 200 

kV. The CD samples were diluted, followed by drop-casting on a carbon-coated copper 

grid, which was dried at room temperature and then visualized under the microscope. 

 

3.2.7 Molecular Docking Investigation 

The RCSB Protein Data Bank was used to obtain the crystal structure of ChOx 

(PDB ID: 1B4V), GOx (PDB ID: 1GAL), and AOx (PDB ID: 5I68). Prior to the 

docking study, the overall energy of the structures was first minimized using Swiss PDB 

Viewer, followed by removing of any water molecule and heteroatoms, adding polar 

hydrogen, and finally charging the enzymes using Kollman and Gasteiger charges. 

Subsequently, the final structure of the enzyme was utilized for the docking study. 

The molecular structure of the synthesized CD is pyroglutamic acid (PGA), as 

determined from the previous study (Das et al., 2021c). The 3D model of the PGA was 

obtained from PubChem with ID-7405. In addition, the structure of the natural 

substrates of the respective enzymes, viz. Chol (ID: 5997), GL (ID: 5793), MeOH (ID: 

887), was also procured from PubChem. For the docking experiment, energy 

minimization was carried out for all of these structures using the UCSF Chimera 

program, followed by the determination of their torsion roots.  

The docking study was performed using the AutoDock Vina program. In order 

to find out the binding mode between the PGA and the enzymes, blind docking was 

performed, whereas for the substrates, site-specific docking was carried out. The docked 

structures were visualized by PyMol. 

 

3.2.8 Studies with Blood Serum Samples 

In order to demonstrate the practical applicability of CDs as a signal probe, 5 mg 

mL-1 CD was spiked in different dilutions (5-fold, 10-fold, and 50-fold) of the human 

blood serum sample. The guidelines of the Human Ethics Committee of the Indian 

Institute of Technology Guwahati, India, were followed for using the blood samples. The 
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mixture was incubated for 5 mins at room temperature followed by measurement of the 

fluorescence emission intensity at the CD’s excitation wavelength (λex 354 nm). Further, the 

diluted serum sample with the CD was spiked with 10 μL of 1 mg mL-1 stock GOx and 

5 μL of 1M of GL (final 5 mM) to test the efficiency. 

 

3.2.9 Statistical Analysis of Data 

All the experiments were carried out in triplicates. We used Origin 8.0 software 

for the statistical analysis of the data. The mean along with the standard deviation is 

represented as error bars in the manuscript. Statistical significance was determined using 

one-way analysis of variance (ANOVA) wherein * indicates a p-value of < 0.05, ** 

indicates a p-value of < 0.01, *** indicates a p-value of < 0.001, and **** indicates a p-

value of < 0.0001. The limit of detection (LoD ) was calculated using the formula 3σ/m, 

where σ is the standard deviation of the absorbance of the blank sample and m represents 

the slope of the calibration curve. 

 

3.3 Results and Discussion 

3.3.1 Effect of Reaction Components and Media on the Fluorescence 

of CD 

The reaction components considered here constitute different enzyme proteins 

of analytical importance namely, ChOx, GOx, and AOx, their substrates, the 

predominant protein in blood serum, namely, HSA, its substrate BILI and blood serum 

medium.   

 

3.3.1.1 Effect of Enzyme Reaction Components on the Fluorescence of CD: 

We studied the effect of ChOx, GOx, and AOx binding on the fluorescence of 

CD using steady-state fluorescence spectroscopy. Interestingly, the fluorescence 

intensity of CDs (λex 354 nm) increased significantly upon its interaction with ChOx, GOx, 

and AOx in buffer solution with the corresponding enhancement level of 122.22 %, 

115.64 %, and 123.81 % (considering the intensity of CD as 100 %) (Figure 3.1 a). 

When their respective substrates were added to the reaction mixtures, the intensity 

drastically decreased for all the systems, except for AOx, due to the quenching effect 
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of H2O2 generated during the enzymatic reaction. The reason for void quenching in the 

AOx reaction system has been attributed to the solvatochromic effect of alcohol 

substrate that surpasses the quenching effect of the peroxide formed in the reaction.  

 

 

Figure 3.1. (a) Fluorescence intensity (λem 442 nm)  change of the CD in different reaction 

systems at λex 354 nm. (i) Enzyme, (ii) Substrate, (iii) Enzyme+Substrate, (iv) CD, (v) 

CD+Enzyme (after 5 min incubation), (vi) CD+Substrate, and (vii) 

CD+Enzyme+Substrate. Fluorescence intensity change at λex 274 nm (for TRP/TYR) in 

different reaction systems. (b) florescence (λem 330 nm, ) in (i) CD, (ii) Substrate, (iii) 

Enzyme+Substrate (iv) CD+Substrate, (v) Enzyme (vi) CD+Enzyme (after 5 mins), 

(vii) CD+Enzyme+Substrate. (c) fluorescence (λem 442 nm) in (i) Enzyme, (ii) Substrate, 

(iii) Enzyme+Substrate, (iv) CD, (v) CD+Enzyme (after 5 mins), (vi) CD+Substrate, 

(vii) CD+Enzyme+Substrate. The significance level is set as p<0.05 (8), p<0.01 (**), 

p<0.001 (***), and p<0.0001 (****). No significance (ns).(d) Schematic representation 

of the interactions.  
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Figure 3.2. (a) Fluorescence change of different reaction systems at the CD excitation 

wavelength (λ354 nm). (i) ChOx, (ii) Chol, (iii) ChOx+Chol, (iv) CD, (v) CD+ChOx (after 

5 mins), (vi) CD+Chol, (vii) CD+ChOx+Chol. (b) (i) GOx, (ii) GL, (iii) GOx+GL, (iv) 

CD, (v) CD+GOx (after 5 mins), (vi) CD+GL, (vii) CD+GOx+GL. (c) (i) AOx, (ii) 

MeOH, (iii) AOx+MeOH, (iv) CD, (v) CD+AOx (after 5 mins), (vi) CD+MeOH, (vii) 

CD+AOx+MeOH. (d) (i) AOx , (ii) EtOH, (iii) AOx+EtOH, (iv) CD, (v) CD+AOx 

(after 5 mins), (vi) CD+EtOH, (vii) CD+AOx+EtOH. 

 

The circular dichroism studies showed that the binding of CD to the enzyme 

proteins causes a significant shift to the protein’s secondary structure (Table 3.1 & 

Figure 3.3). The shift was mainly towards the β contents, at the cost of mostly helix 

contents of the proteins. A shift of more than 50 % towards beta contents was observed 

in the case of ChOx and GOx proteins. The shift towards the beta content further 

increased in the presence of the respective substrates of the enzymes, except for GOx, 

where a drastic negative trend (> 50 %) was identified. It is likely that a part of the GOx 

enzyme with β sheet turned into α helix. 
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Figure 3.3. (a) Circular dichroism spectra of (i) ChOx, (ii) ChOx+CD, (iii) ChOx+Chol, 

(iv) ChOx+Chol+CD. (b) Circular dichroism spectra of (i) GOx, (ii) GOx+CD, (iii) 

GOx+GL, (iv) GOx+GL+CD. (c) Circular dichroism spectra of (i) AOx, (ii) AOx+CD, 

(iii) AOx+EtOH, (iv) AOx+MeOH, (v) AOx+EtOH+CD, (vi) AOx+MeOH+CD. 

Table  3.1: The content of different secondary structures of the enzymes in different 

reaction systems. 

Reaction 

systems 

α Helix % 

(% change) 

β strand % 

(% change) 

Turns % 

(% change) 

Unordered % 

(% change) 

ChOx (control) 34.5 

(0) 

11.0 

(0) 

23.1 

(0) 

31.3 

(0) 

ChOx+CD  30.2 

(-12.50) 

17.8 

(+61.81) 

22.5 

(-2.60) 

29.5 

(-5.75) 

ChOx+Chol 1.9 

(-94.50) 

43.3 

(+293.63) 

21.9 

(+5.11) 

32.9 

(+5.11) 

ChOx+Chol+CD 9.2 

(-73.40) 

46 

(+318.20) 

10.9 

(+8.30) 

33.9 

(+8.30) 

GOx (control) 21.5 

(0) 

31.1 

(0) 

21.5 

(0) 

26.8 

(0) 

GOx+CD 8.3 

(-61.40) 

47.9 

(+54.01) 

11.9 

(-44.65) 

33.8 

(+26.11) 

GOx+GL 39.9 

(+85.60) 

16.6 

(-46.62) 

19.6 

(-8.83) 

25.0 

(-6.71) 

GOx+GL+CD 38.0 

(+76.74) 

14.5 

(-53.40) 

20.8 

(-3.25) 

31.1 

(+16.04) 

AOx (control) 16.6 

(0) 

25.9 

(0) 

23.8 

(0) 

33.4 

(0) 

AOx+CD 15.6 

(-6.02) 

30.3 

(+16.98) 

18.4 

(-22.70) 

23.3 

(-30.23) 

AOx+MeOH 23.5 

(+41.56) 

22.9 

(-11.60) 

23.3 

(-2.10) 

28.0 

(-16.16) 

AOx+MeOH+CD 9.6 

(-42.16) 

41.7 

(+61.00) 

18.7 

(-21.42) 

30.0 

(-10.17) 
% change was calculated by considering 100 as the value for the respective secondary structural 

components for the corresponding proteins being considered as control. Negative and positive symbols 

imply decrease and increase, respectively.  [say, for ChOx helix, 34.5 =100, hence change for ChOx+CD 

is 12.46 %, so in bracket (-12.46)].  
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The CD reported here is made up of PGA molecules, the surface of which is 

covered with carbonyl, carboxyl, and amine functional groups (Das et al., 2021c). The 

docking study showed that the PGA binds with ChOx (∆G value: -5.8 kcal mol-1), GOx 

(-6.3 kcal mol-1), and AOx (-5.9 kcal mol-1) with high affinity, as revealed from the 

corresponding binding energy shown in the parentheses. The binding is facilitated by 

the electrostatic interaction between the negatively charged enzyme proteins (pI < 7) 

and positively charged CDs, which is revealed from the zeta potential study described 

in the next section (Figure 3.5). This high binding energy might be responsible for the 

significant swing of the secondary structure as manifested from the above circular 

dichroism study.   

 

3.3.1.2 Effect of HSA, BILI, and Serum on the Fluorescence of CD: 

HSA, with a molecular mass of 67 kDa, is the most bountiful protein in the 

human plasma. It plays a vital role as a natural carrier of various substances in the blood. 

Monitoring the fluorescence response of CD in the presence of HSA will give an insight 

into the level of interference of blood serum on the CD-based clinical diagnosis of 

analytes. UV-Vis absorption and fluorescence of CDs upon their interaction with HSA 

were studied (Figure 3.4). There is a trivial increase in absorbance of the broad 

absorption band of the CDs at ~325 nm corresponding to n-П* transition of C=O 

(Figure. 3.4 a). The florescence intensity of the CD also increased upon its interaction 

with the HSA, while the magnitude of enhancement (127.85 %) was comparatively 

higher than those that occurred with the enzyme proteins. Steady-state fluorescence 

spectroscopy (Figure 3.4 b) indicated a progressive enhancement of the CDs 

fluorescence in a time scale of 2 to 10 mins upon the binding of HSA. The zeta potential 

results showed that the CDs and HSA carry opposite charges, and therefore interact 

electrostatically (Figure 3.5 a). Additionally, surface charge interaction of protein and 

nanoparticles also plays a pivotal role in the formation of protein corona (Shang et al., 

2014). The FETEM images of CD+HSA unveiled that the HSA adsorb onto the CD’s 

surface, forming a protein corona (Figure 3.6 a). The average size of the CD+HSA was 

~21.76 nm, as estimated from the FETEM study. Consistent with this finding, UV-Vis 

spectra showed that with increasing HSA concentration, there was progressive shift of 

the CD spectra indicating increase in the size of the nanomaterial (Figure 3.7). 
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Figure 3.4. (a) Absorbance of different reaction systems: (i) CD, (ii) HSA, and (iii) 

CD+HSA. (b) Fluorescence emission (i) CD, (ii) HSA, and CD+HSA at (iii) 2 mins, 

(iv) 6 mins, and (v) 10 mins at excitation  of CD (at λex 354 nm) (Inset: Fluorescence 

intensity of CD+HSA at different time intervals. Experiment was carried out using 50 

μL of stock 10.3 mg mL-1 HSA and 10 μL of stock CD solution (100 mg mL-1). 

 

 

Figure 3.5. Zeta potential of (a) CD, HSA, and CD+HSA, (b) CD, BILI, and CD+BILI, 

and (c) CD, HSA, BILI, and CD+HSA+BILI. The concentration of CD (1 mg mL-1), 

HSA (0.52 mg mL-1), and BILI (2 μM) used in the reaction mixture are shown in the 

bracket. 
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Figure 3.6. FETEM image of the interaction between (a) CD and HSA, and (b) 

CD+BILI. The respective outer layer of HSA in (a) and BILI in (b) is shown with yellow 

arrow, and the CD is shown in red in both the cases. 

 

 

Figure 3.7. UV-Vis spectra of CD and increasing concentrations of HSA. (i) CD, (ii) 

CD+103 μg mL-1 HSA, (iii) CD+515 μg mL-1 HSA, (iv) CD+1.03 mg mL-1 HSA. The 

concentration of CD used in the experiment is 1 mg mL-1. 

Time-resolved fluorescence lifetime measurement elucidated the fundamental 

fluorescence enhancement mechanism (Table 3.2,  Figure 3.8 a). The interaction of 

HSA with CD resulted in a slower decay time leading to an average lifetime increasing 

from 7.68 ns to 8.31 ns (Table 3.2). Analysis revealed that the increased lifetime was 

due to the longest lifetime component on the CD's surface (1st component); the 

fractional weight (f) of this component increased from 16.60 % to 29.66 % upon HSA 

binding. Since HSA is considered a model protein, this finding indicates that the 

observed fluorescence enhancement in case of ChOx, GOx, and AOx is a consequence 
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of the interaction between the protein/enzyme and the CD’s surface that influenced the 

fluorescence behaviour of the 1st component.  

 

 

Figure 3.8. (a) Time resolved fluorescence spectra of (i) CD, and (ii) CD+HSA, (b) 

Circular Dichroism spectra of (i) HSA, (ii) CD+HSA. 

Table 3.2: Multi-exponential components for the observed fluorescence decay of CDs 

in the absence and presence of HSA. The % f shown in parentheses.  

Reaction system τ1 (ns) (f1) τ2 (ns) (f2) τ3 (ns) (f3) < τ> 

CD 0.665 

(16.63 %) 

2.575  

(39.873 %) 

9.19  

(43.497 %) 

7.68366 

CD+HSA 0.947  

(29.667 %) 

3.671  

(39.279 %) 

10.902  

(31.055 %) 

8.313481 

CD+BILI 0.54  

(14.176 %) 

2.326  

(40.843 %) 

9.229  

(44.981 %) 

7.834011 

CD+HSA+BILI 0.729  

(21.407 %) 

2.809  

(39.149 %) 

9.576  

(39.445 %)  

7.823116 

 

The conformation change of HSA protein upon the interaction with the blue and 

green-emitting CDs has been reported (Huang et al., 2016; Liang et al., 2020; Xu et al., 

2016). According to Liang et al., the interaction of CD with the HSA resulted in a 

notable reduction in the negative ellipticity of the α-helix, illustrating unfolding and 

increased hydrophilicity of the HSA. In the present investigation, the circular dichroism 

spectroscopy study showed that the bands at 190 nm, 210 nm, and 220 nm decreased 
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slightly, suggesting some perturbation of the HSA’s secondary structure following the 

binding of CD (Table 3.3, Figure 3.8 b).   

 

Table 3.3. The content of different secondary structures of HSA in the absence and 

presence of CD.  

Reaction system  α Helix 

(%) 

β strand 

(%) 

Turns 

(%) 

Unordered 

(%) 

HSA  48.1 10.2 17.2 25.1 

HSA+CD  48.0 11.4 17.8 25 

 

For a more systematic study, we also chose BILI, a yellowish pigment 

transported by HSA in serum. The effect of BILI on the CDs was studied both by 

measuring the absorbance and fluorescence. As shown in Figure 3.9 a, with the addition 

of BILI to the CDs, the absorbance of the CDs increased, accompanied by a slight blue 

shift illustrating the interaction between the two. Meanwhile, a shoulder peak around 

500 nm was generated at the BILI absorbance band after the interaction of CDs with 

BILI (Figure 3.9 b). The fluorescence spectra for the CD+BILI reaction system were 

recorded corresponding to the CDs excitation wavelength (λex 354 nm). The fluorescence 

of the CDs is gradually increased with increasing BILI concentration (Figure 3.9 c). 

Zeta potential measurements revealed that the main interacting force between CDs and 

BILI might be electrostatic (Figure 3.5 b). The FETEM image shows that the BILI form 

a layer onto the surface of the CDs (Figure 3.6 b). Fluorescence lifetime measurement 

was performed to understand the contribution of different CD’s components in the 

underlying fluorescence enhancement (Table 3.2, Figure 3.9 d). Upon the interaction of 

BILI, the fluorescence lifetime of the CD increased from 7.68 ns to 7.83 ns. In contrast 

to the previous results obtained for HSA, the main contribution to the fluorescence 

enhancement with BILI was the 2nd and 3rd components. The fractional weight of the 

2nd component increased from 39.87 % to 40.84 %, and that of the 3rd component 

increased from 43.50 % to 45.0 %. 
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Figure 3.9. (a) Effect of BILI on absorbance of CD. (i) CD, (ii) BILI, and (iii) 

CD+BILI. (b) Effect of CD on the absorbance of BILI. (i) CD, (ii) BILI, (iii) CD+BILI. 

(c) Fluorescence of (i) CD, (ii) 0.02 μM BILI, (iii) 0.3 μM BILI, (iv) 2.43 μM BILI, (v) 

CD+0.02 μM BILI, (vi) CD+0.3 μM BILI, (vii) CD+2.43 μM BILI. (d) Time resolved 

fluorescence spectra of (i) CD, and (ii) CD+BILI. The concentration of CD used in the 

experiment is 1 mg mL-1. 

 

BILI has a natural affinity to HSA. Therefore, the molecular interaction of CDs 

with HSA bound to the BILI was also investigated. We incubated the CDs with HSA in 

the presence of BILI for 5 mins. The absorbance of HSA and BILI has a similar type of 

variation as observed in the previous cases when CD interacted with them individually 

(Figure 3.10 a). At the CD’s excitation wavelength, the CD+HSA+BILI system 

exhibited similar fluorescence enhancement as observed in the case of CD+HSA system 

(Figure 3.10 c); nevertheless, the maximum emission intensity of the latter was ~12 % 
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more than that of the former. As displayed in the zeta potential study, the interaction of 

CD with HSA+BILI is also electrostatic (Figure. 3.5 c). Moreover, the time-resolved 

fluorescence decay of the CD+HSA+BILI system was calculated as 7.82 ns (Table 3.2, 

Figure 3.10 d). The results illustrated that the fluorescence enhancement in the 

CD+HSA+BILI reaction system is due to the 1st component. By utilizing circular 

dichroism spectroscopy, we enquired for any conformation change of HSA in the 

presence of both CD and BILI. Like the previous result, the characteristic band at 190 

nm, 210 nm, and 220 nm decreased slightly, illustrating some perturbation of the HSA’s 

secondary structure following the binding of CD and BILI (Table 3.4, Figure 3.11). 

 

Figure 3.10. (a) Effect of CD on the absorbance of HSA+BILI. (i) CD, (ii) HSA, (iii) 

BILI, (iv) HSA+BILI, (v) CD+HSA+BILI. (b) Effect of HSA+BILI on the absorbance 

of CD. (i) CD, (ii) HSA, (iii) BILI, (iv) HSA+BILI, (v) CD+HSA+BILI. (c) Effect of 

HSA+BILI on the fluorescence of CD (CD excitation wavelength: 354 nm). (i) CD, (ii) 

HSA, (iii) BILI, (iv) HSA+BILI, (v) CD+HSA+BILI. (d) Time resolved fluorescence 

spectra of (i) CD, and (ii) CD+HSA+BILI. Experiment was carried out using 50 μL of 

stock 10.3 mg mL-1 HSA, 10 μL of stock CD solution (100 mg mL-1), and 20 μL of 

stock 100 μM BILI. 
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Figure 3.11. Circular Dichroism spectra of (i) HSA, (ii) HSA+BILI, (iii) 

HSA+BILI+CD. 

 

Table 3.4. The content of different secondary structures of HSA in different reaction 

systems. 

Reaction system  α Helix  

(%) 

β strand 

(%) 

Turns 

(%) 

Unordered 

(%) 

HSA  48.1 10.2 17.2 25.1 

HSA+BILI  47.7 12.9 17.5 25.1 

HSA+CD+BILI  45.1 13.7 19.7 26.4 

 

To assess the practical applicability, we utilized the blood serum of a healthy 

individual to check its effect on the optical property of the CDs. Even a 50-fold diluted 

serum exhibited noticeable fluorescence at the CD’s excitation wavelength (λ354 nm) 

(Figure 3.12 a). The autofluorescence of the blood serum at the λex 354 nm is mainly due 

to enzyme-bound NAD(P)H (Wolfbeis and Leiner, 1985). When CD was mixed with 

the blood serum, the fluorescence of the CD significantly increased compared to the CD 

in the buffer system. The high fluorescence intensity might be due to the interaction 

between the serum components and the CDs or the synergistic effect between the two.  
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Figure 3.12. (a) Effect of blood serum on the optical property of CD. (1) CD (control), 

(2) 5-fold diluted serum (control), (3) 5-fold diluted serum+CD, (4) 10-fold diluted 

serum (control), (5) 10-fold diluted serum+CD, (6) 50-fold diluted serum, (7) 50-fold 

diluted serum+CD.  Comparison of the fluorescence intensity of different reaction 

systems  namely, (1) CD, (2) CD+GOx, (3) serum, (4) serum+GOx, (5) serum+GL, (6) 

serum+GOx+GL, (7) serum+CD, (8) serum+CD+GOx, (9) serum+CD+GOx+GL: (b) 

with 50 % diluted serum, and (c) with filtered 50 % diluted serum.  (d) Comparison of 

the fluorescence intensity of different reaction systems using filter residue. 

 

3.3.2 Effect of CD on the Fluorescence of Proteins 

At λex 274 nm (TRP/TYR), the effect of CD on the fluorescence (λem 330 nm) of 

ChOx, GOx, and AOx proteins was studied (Figure 3.1 b). The emission was 

significantly quenched in all the three proteins, with a slight blue shift for ChOx 

observed (Figure 3.13 a), indicating that the binding of CD influenced the polarity of 

the microenvironment surrounding the TRP/TYR residues in the protein. The excitation 

also changed the intensity of the CDs (λem 442 nm) (Figure 3.1 c). In all the three cases, 
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the intensity of the CD was increased in the presence of the enzyme proteins, suggesting 

the FRET occurring between TRP/TYR and CD (Figure 3.1 b and 3.1 c). Interestingly, 

upon the addition of substrate to their respective enzymes+CD reaction systems, an 

increase in the corresponding protein's fluorescence intensity was detected (Figure 3.1 

b) (for substrate EtOH see Figure 3.13), indicating the in-situ generated peroxide 

hampered FRET between enzyme and CD. The interaction of CD and the proteins 

(PfGDH) that initiates FRET has been previously reported, which was ascribed to 

protein-induced fluorescence enhancement of CD due to FRET (Singh et al., 2018). 

During the interaction with the protein, the surface state of the CDs might be acting as 

a trap for electronic energy (Liu et al., 2019; Semeniuk et al., 2019), which subsequently 

resulted in the enhancement of its fluorescence.  

 

Figure 3.13. (a) Fluorescence change of different reaction systems at the ChOx 

excitation wavelength (λ274 nm). (i) ChOx, (ii) Chol, (iii) ChOx+Chol, (iv) CD, (v) 

CD+ChOx (after 5 mins), (vi) CD+Chol, (vii) CD+ChOx+Chol. (b) Fluorescence 

change of different reaction systems at the GOx excitation wavelength (λ274 nm): (i) 

TH-2685_166106006



  Chapter 3 

107 
 

GOx, (ii) GL, (iii) GOx+GL, (iv) CD, (v) CD+GOx (after 5 mins), (vi) CD+GL, (vii) 

CD+GOx+GL. (c) Fluorescence change of different reaction systems at the AOx 

excitation wavelength (λ274 nm): (i) AOx , (ii) MeOH, (iii) AOx+MeOH, (iv) CD, (v) 

CD+AOx (after 5 mins), (vi) CD+MeOH, (vii) CD+AOx+MeOH. (d) Fluorescence 

change of different reaction systems at the AOx excitation wavelength (λ274 nm): (i) AOx 

, (ii) EtOH, (iii) AOx+EtOH, (iv) CD, (v) CD+AOx (after 5 mins), (vi) CD+EtOH, (vii) 

CD+AOx+EtOH. 

 

In the case of ChOx, PGA binds in a pocket between the substrate (cholesterol) 

and the enzyme’s cofactor (Figure 3.14). Within the binding pocket, PGA interacts via 

hydrophobic bonds with nine amino acid residues, viz. TRP67, ARG71, THR72, 

GLU73, ALA74, PRO75, ASP97, TYR107, TYR219, and hydrogen bonds with 

SER65, SER66, LYS69, ARG98 residues of the ChOx enzyme (Figure 3.14 c). In 

agreement with the fluorescence experiment results, the docking studies suggest a 

favourable interaction of the PGA with the TRP67 amino residue of the ChOx enzyme 

that might also be responsible for the observed blue shift (Figure 3.13 a). In the case of  

GOx, the PGA interacts primarily with the TYR68, ASN107, GLY108, GLN347, 

GLU412, PHE414, TRP426, ASN514, TYR515 amino acid residues via hydrophobic 

bond, and hydrogen bond with the THR110, HIS516, HIS559 residues (Figure 3.15 c). 

Whereas, in the case of AOx, the best binding sites for PGA appeared on the enzyme’s 

surface while some sites also overlapped with the active site (Figure 3.16 c). Within the 

binding pocket, PGA interacts via hydrophobic bond with the PHE282, GLY283, 

LYS287, LEU288, LEU299, GLY301, VAL302, GLY303, ILE429, HIS430, TRP585 

residues and hydrogen bond with the GLN278, ASP284, PRO300, ARG304 residues. 

In all the cases, the binding of TRP/TYR residues involved. This binding event might 

expose the TRP/TYR residues in the protein matrix resulting in increased fluorescence 

intensity.  This study also identified the functional groups of the PGA, -C=O, -COOH, 

and -NH, in the binding with the amino acid residues of the enzymes (Figure 3.17 and 

Table 3.5).  

 

TH-2685_166106006



  Chapter 3 

108 
 

 

Figure 3.14. (a) Crystallographic structure of ChOx with the FAD (orange). (b) Best 

binding pose for PGA (green) with ChOx. (c) Amino acid residues in ChOx that form 

hydrogen bond with PGA. 

 

 

Figure 3.15. (a) Crystallographic structure of GOx with the FAD (orange). (b) Best 

binding pose for PGA (green) with GOx. (c) Amino acid residues in GOx that form 

hydrogen bond with PGA. 

 

 

Figure 3.16. (a) Crystallographic structure of AOx with the FAD (orange). (b) Best 

binding pose for PGA (green) with AOx. (c) Amino acid residues in AOx that form 

hydrogen bond with PGA. 
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Figure 3.17. Different functional groups of  the PGA involved in the binding with 

amino acids of (a) ChOx, (b) GOx, and (c) AOx. 

Table 3.5 Binding of the different functional groups of the PGA to the amino acid 

residues of the enzymes. 

Functional 

groups 

ChOx 

 

GOx AOx 

-C=O LYS69, LEU96, 

ARG98 

THR110 ARG304, 

ASP284 

-COOH SER65, SER66, 

TYR219 

HIS516, HIS559 GLN278, 

PRO300 

-NH SER66 - ASP284 

 

Through the molecular docking studies, the binding sites of the substrate with 

the respective enzyme were also analysed (Table 3.6). The distance between PGA and 

the respective substrates of the enzyme, i.e., Chol, GL, and MeOH, was found to be 8.1 

Å, 11.2 Å, and 19.3 Å, respectively (Figure 3.18). 

Table 3.6 Binding site of the substrates with their respective enzyme. 

Enzyme Substrate Interacting amino acids 

(hydrophobic bond) 

Interacting 

amino acids 

(hydrogen 

bond) 

Cholesterol 

oxidase 

Chol ASN70, ARG71, THR72, 

GLU73, ALA74, PRO75, 

LEU76, SER78, PHE79, 

ASN86, ARG98, TYR107, 

LEU432, PHE433, GLY434 

GLY77 

Glucose 

oxidase 

GL TYR80, ILE94, ARG95, 

SER103, ALA289, GLY290, 

VAL293, SER294, ASP328, 

TYR450, TYR515, HIS516, 

VAL518, ASP548, SER550 

SER96, 

SER291, 

ALA292, 

GLY517, 

GLY549 

Alcohol 

oxidase 

MeOH LYS6, ALA87, GLY269, 

THR270, ILE271, LYS568 

- 
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Figure 3.18. Distance between PGA and different substrates of the respective enzyme. 

(a) ChOx+Chol+CD, (b) GOx+GL+CD, (c) AOx+MeOH+CD. The hydrogen bonding 

is shown in imaginary yellow lines. 

 

The effect of CD on the optical property of the HSA protein was also studied. 

Addition of CDs to the HSA resulted in the variation of the HSA’s absorbance band, 

indicating that the CDs interact with the HSA (Figure 3.19 a). A similar blue shift of 

the HSA’s fluorescence, as observed for ChOx, was found upon the binding of the CD 

(Figure 3.19 b). Meanwhile, with increasing time intervals, the intrinsic fluorescence 

intensity of the HSA gradually decreased, whereas, for CD, the fluorescence intensity 

(λem~442 nm) increased (Figure 3.19 c). The fluorescence emission wavelength of HSA in 

the presence of CDs and BILI blue shifted (Figure 3.19 d); however, the maximum 

fluorescence emission intensity was ~3.24 % less than that of CD+HSA. 
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Figure 3.19. (a) Absorbance of different reaction systems: (i) CD, (ii) HSA, and (iii) 

CD+HSA. (b) Fluorescence of (i) HSA, (ii) CD, and (iii) CD+HSA (after 5 mins) at the 

HSA excitation wavelength (λex 295 nm). (c) Fluorescence change of (i) HSA and (ii) CD 

at different incubation time at HSA excitation wavelength (λex 295 nm). (d) Effect of CD 

on the fluorescence of HSA+BILI (HSA excitation wavelength: 295 nm). (i) CD, (ii) 

HSA, (iii) BILI, (iv) HSA+BILI, (v) CD+HSA+BILI. Experiment was carried out using 

50 μL of stock 10.3 mg mL-1 HSA and 10 μL of stock CD solution (100 mg mL-1). 

 

3.3.3 Sample Particle Separation to Minimize the Background Noise 

We selected the GOx as a reference enzyme to evaluate the CD’s efficiency as 

a fluorescent signal probe in the enzyme-based detection in the human blood serum 

(Figure 3.12 b). The GOx and GL had a negligible effect on the serum’s 

autofluorescence. Surprisingly, in the serum system, we did not observe the 

fluorescence quenching of the CD in the presence of GOx+GL, which contrasts the 

result observed in Figure 3.1. To scrutinize the role of serum components in the 

fluorescence enhancement in the GOx+GL+CD reaction system, we performed a 

similar experiment using filtered serum (Figure 3.12 c). We observed fluorescence 

quenching of the CD in the presence of GOx+GL. Considering this outcome, we further 

measured the fluorescence intensity of filtered serum residue with spiked H2O2 (Figure 

3.12 d). As expected, we observed an increase in fluorescence enhancement, confirming 

that the generated H2O2 during the reaction of GOx+GL reacts with the serum 

components that ultimately result in fluorescence enhancement (Figure 3.12 b). Under 

the only buffer condition, the enzyme and the CD are directly exposed to each other; 

hence, the reaction is not hindered. Therefore, as from the above discussion, while there 

is obvious fluorescence interference, we propose the filtration of the human serum prior 

to performing experiments with the CD to avoid the crosstalk fluorescence and the 

background noise.  

 

3.3.4 Colorimetric Detection of the Substrate 

Considering the autofluorescent blood serum components as a major interferents 

in the fluorescence-based enzyme-linked clinical diagnosis, we investigated the 

colorimetric-based detection method. In the colorimetric assay, the oxidation of ABTS 
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is monitored at λmax 414 nm in the presence of H2O2 and the CD (Das et al., 2021c), and 

indirectly measures the analyte. Meanwhile, we observed that when the CD is added 

along with the enzyme (GOx) before the addition of substrate, the catalytic activity of 

the GOx drastically decreased to a level of 93.7 % at the CD concentration of 10 mg 

mL-1 (Figure 3.20). This might be due to modification of the GOx secondary structure 

upon its binding to the CD. With increasing concentrations of CD, the absorbance 

corresponding to the oxidized ABTS decreased (Figure 3.20). To avoid inactivation of 

the enzyme, the CD was added following the reaction between the enzyme and the 

substrate. Using different concentration of GL, LoD was examined in both the buffer 

and the blood serum. In case of buffer, a dynamic range of 0.1 mM-0.5 mM (R2= 

0.99)with a LoD of 44 μM was identified, whereas in the blood serum, the dynamic 

range was found to be 0.02 mM-0.10 mM (R2= 0.98) with a LoD of 183 μM (Figure 

3.21). The sensitivity of the colorimetric assay towards the detection of GL was 

calculated to be 0.9917 AU mM-1 and 0.2482 AU mM-1 in the buffer and serum reaction 

system, respectively. 

 

Figure 3.20. Influence of interaction of CD on the catalytic activity of GOx. Experiment 

was performed using different concentrations (0 mg mL-1, 1 mg mL-1, 2.5 mg mL-1, and 

10 mg mL-1) of stock 100 mg mL-1 CD solution, 10 μL of 1 mg mL-1 stock GOx, 10 

mM GL, and 5 mM ABTS. 
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Figure 3.21. (a) Response curve for glucose in the buffer system (Inset: Linear 

calibration plot for glucose detection). (b) Response curve for glucose in the blood 

serum system (Inset: Linear calibration plot for glucose detection). The error bars 

represent the standard deviation (n=3).  

 

3.4 Conclusion 

Herein, we demonstrated for the first time that the fluorescence signals of CDs 

are highly sensitive not only to the surrounding protein environment but also to the 

blood serum systems. At the same time, we also demonstrated that the CD significantly 

affects the intrinsic fluorescence signals of enzyme proteins. We concluded the above 

facts using the enzyme-catalysed reaction systems of clinical importance, commonly 

exploited to detect glucose, cholesterol, and alcohol in blood serum. The results were 

also supported by the interaction studies of the CDs with a non-catalytic protein, HSA, 

which is a predominant protein in blood serum. The reason for fluorescence cross-talk 

between the CD and proteins has been attributed to the strong interactive electrostatic 

force that significantly increased the binding energy between these two organic entities. 

Docking studies indicate that the surface functional groups of CD, viz. -C=O, -COOH, 

and -NH, are involved in the binding with the amino acids of protein through hydrogen 

bonding. These avid binding processes shift the secondary structures of the enzyme 

proteins, mostly to the β strand components, expose their TRP/TYR residues, and 

initiate FRET with the CDs. The FRET phenomenon between the TRP/TYR residues 

of the protein/enzyme and CD significantly increases the fluorescence intensity. The 

time-resolved fluorescence lifetime showed that the existence of the longest lifetime 

component on the CD’s surface is responsible for the fluorescence enhancement. 

However, with the introduction of the substrate into the reaction system, the in-
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situ generated peroxide obstructed the FRET phenomenon between the redox enzyme 

and the CD. We have further shown that while the enzymatic reactions with the CDs 

were pronounced in the buffer system, there was much interference in the blood serum 

system. The presence of autofluorescent serum components with emission wavelength 

same as the CDs interfered with the detection process. The above experimental analysis 

confirmed that the autofluorescent blood serum components are major interferents in 

the fluorescence-based enzyme-linked clinical diagnosis. 

The interference from blood serum illustrated that the CDs are not a potential 

signal probe for fluorescence-based direct detections of clinically significant analytes 

in blood serum samples. We proposed the ABTS dye-based colorimetric detection 

approach with CD to resolve this conundrum, wherein the blood serum components 

showed no interference. To circumvent the effect of CD on the secondary structure of 

enzymes proteins, we suggest the addition of CD following the incubation of the 

substrate with the enzyme. We recommend this approach based on the additional fact 

that the CD drastically affects the catalytic function of the enzymes. 

The present study provided new insights in interpreting the application potential 

of zero-dimensional CDs. More prominently, these CDs might be promising for 

colorimetric-based detections in clinical applications. To the best of our knowledge, this 

is the first systematic investigation on the fluorescence cross-talk between the CDs and 

protein/enzymes. The findings of this research have greatly enhanced our understanding 

of the application potential of the CD in enzyme and blood serum-based clinical 

diagnosis.
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4.1 Overview 

The zero-dimensional carbon dots (CDs) have recently attracted much attention 

because of their interesting optical and other properties, as discussed in the previous 

chapters (Das et al., 2021b). These properties have stimulated its applications in diverse 

areas, including biochemical sensing, photocatalysis, drug delivery, biolabeling, and 

optoelectronic devices (Das et al., 2021b; Semeniuk et al., 2019). Recent studies have 

also demonstrated the intrinsic peroxidase-like activity of CDs as another promising 

property (Das et al., 2021e; Dong et al., 2015; Gul et al., 2020; Kitchawengkul et al., 

2021; Liu et al., 2020; Shi et al., 2019; Shi et al., 2011; Wu et al., 2013; Yang et al., 

2017, 2021; Zhao et al., 2019; Zheng et al., 2016; Zhu et al., 2014). The significant 

advantage of using CDs as peroxidase mimic is their facile synthesis, low cost, long-

term storage, and resistance to proteolysis, unlike the natural peroxidase enzymes (Das 

and Goswami, 2020). Previous work has demonstrated that the peroxidase-like activity 

of graphene quantum dots (GQDs) emanates from their ability to decompose H2O2 to 

OH. (Sun et al., 2014). Notably, the functional groups on the surface of the CDs play a 

prominent role in the binding of the H2O2 during the catalytic activity (Das et al., 2021c; 

Das et al., 2021; Sun et al., 2015). 

In recent years, CDs are also attracting more interest because of their chiroptical 

features (Ru et al., 2020). Chirality constitutes a vital aspect of optically-active 

nanostructures and has not been focussed much. With enormous advancement to 

understand chirality at the molecular scale and its influence on the structural property, 

it also becomes crucial to study chirality at the nanoscale for its possible applications 

(Wang et al., 2013). The introduction of chirality into CDs can augment remarkable 

properties to develop prospects for connecting material science, biology, and medicine 

(Hu et al., 2017). The synthesis of chiral CDs involves covalent modification or capping 

with chiral moieties or synthesis with chiral molecules; the latter has advantages as it 

does not involve the additional step of functionalization with chiral molecules (Deka 

and Chowdhury, 2017). 

The evolution of CD’s geometry during the various interaction processes is a 

less studied area. Previous studies have reported the importance of agglomeration of the 

CDs by the substrates during the peroxidase-like reaction (Das et al., 2021c). With 
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distinct geometry and material properties, the CDs can also serve as sensing agents for 

analytical applications. In this context, an in-depth mechanistic knowledge of the 

modification of CD’s material property during the catalytic activity also becomes 

essential. Herein, we investigated the synthesis of CDs from D-(+)-glucose using a 

single-step pyrolysis method. We selected D-(+)-glucose as the precursor for the 

synthesis of CDs as it is widely available and also to analyse whether the chirality of 

the D-(+)-glucose is retained in the synthesized CDs. The as-prepared CDs exhibited 

blue photoluminescence under a single excitation wavelength and demonstrated 

intrinsic peroxidase-like activity. The results indicated that the structural characteristics 

of the CD are related to the corresponding H2O2 concentration. 

 

4.2 Experimental Section 

4.2.1 Materials 

D-(+)-Glucose anhydrous was purchased from Himedia, India. 2,2'-azino-bis 

(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was obtained from Sigma Aldrich, 

USA. Hydrogen peroxide (H2O2) solution 50 % w/v was purchased from FINAR, India. 

Deionized water with a resistivity of >18 MΩ.cm was used throughout the experiment. 

 

4.2.2 Characterization 

UV-Visible absorption spectra was monitored using a double beam Cary 60 UV-

Visible spectrophotometer (Agilent Technologies). The fluorescence spectra was 

collected using FluoroMax-4 (HORIBA Scientific). The FETEM images and SAED 

pattern were observed using JEOL JEM- 2100F with an accelerating voltage of 200 kV. 

The Energy-Dispersive X-ray Spectroscopy (EDS), which was attached to the JEOL 

JEM-2100F was utilized to determine the relative content of carbon and oxygen in the 

synthesized carbon dots.The FTIR measurements were obtained by PerkinElmer FTIR 

spectrometer at room temperature using spectroscopic grade KBr pressed disc. The 

circular dichroism spectra was recorded by Jasco J-815 spectropolarimeter (Japan) at 

room temperature using 10 mm path length cuvette. The spectra was measured between 

170 nm to 300 nm in continuous scanning mode with 10 nm bandwidth and a scanning 

speed of 100 nm min-1. X-ray diffraction (XRD) was performed on Rigaku 
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Technologies powder X-ray diffractometer (Japan) with Cu Kα radiation operating at 

90 kW.  

4.2.3 Synthesis of CDs 

The CDs were synthesized by pyrolyzing D-(+)- glucose. Briefly, 1 g of D-(+)-

glucose was heated at 200 °C until it melted and gradually turned the colorless liquid to 

a dark yellow solution. Then, 5 mL of water was added and kept under constant stirring 

for 30 mins. After that, the solution was centrifuged at 13000 xg for 30 mins. The 

supernatant was further collected after centrifugation followed by dialysis with 1 kDa 

cut-off filter for 3 hours. Finally, the dialysed solution was used for the experiment.  

  

4.2.4 Peroxidase-like Activity Assay 

The peroxidase-like activity of the CDs synthesized from D-(+)-glucose was 

tested for the catalytic oxidation of ABTS in the presence of H2O2. Typically, the 

experiment was performed by mixing 2 mg mL-1 CD, 10 mM H2O2, and 4 mM ABTS 

in a reaction volume of 1 mL. The reaction mixture was incubated for 5 mins and then 

was monitored by recording the absorbance at λ= 414 nm that corresponds to the 

oxidation product of ABTS. 

 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of CDs 

The chiral CDs were synthesized by pyrolyzing D-(+)-glucose at 200 °C 

(Scheme 4.1). During the pyrolysis process, the glucose molecules probably have 

undergone nucleation followed by growth and subsequently transformed into CDs 

similar to the previous report (Tang et al., 2012). Unlike the microwave-assisted, 

ultrasonic, and hydrothermal synthesis methods (Egorova et al., 2018; Ma et al., 2012; 

Tang et al., 2012; Zheng et al., 2016), the CDs synthesised by us involved a simple 

single-step low temperature (200 °C) pyrolysis process. The resulting CDs with a pH 

of approximately 5.0 were well dispersed in an aqueous solution. The synthesized CDs 

showed two UV absorption bands almost analogous to the earlier reports (Figure 4.1 a) 

(Tang et al., 2012). Compared to the starting material, the high energy absorption band 

at 230 nm corresponds to П to П* electronic transition is due to C=C and is only found 

TH-2685_166106006



  Chapter 4 

120 
 

in case of the CD, while the low energy absorption band at 282 nm assigned to n to П* 

electronic transitions due to C=O is observed in both the cases. Subsequently, the 

photoluminescence property of the CD was investigated (Figure 4.1 b). Under the UV 

lamp, the CD solution appeared blue. As shown in Figure 4.1 b, a broad emission peak 

centered around 424 nm is observed on excitation at 329 nm. 

 

 

Scheme 4.1. Illustration of the synthesis of CDs from D-(+)-glucose. 

 

 

Figure 4.1. (a) UV-Vis absorption spectra of (i) D-(+)-glucose and (ii) the synthesized 

CD. (b) (i) excitation, and (ii) emission spectra of the CD synthesized from D-(+)-

glucose. Inset: Photograph of aqueous CD solution under visible light and UV light. 

 

The transmission electron microscope (TEM) studies showed that the as-

prepared CDs are quasi-spherical in morphology and have good monodispersity (Figure 

4.2 a). The Gaussian fitting curve showed that the CDs have an average size of 3.14±0.4 

nm (Figure 4.2 b). The HRTEM image of the CDs showed two distinct lattice 

parameters of 0.20 nm and 0.24 nm, corresponding to (101) facet of graphitic structure 

and (1120) lattice fringes of graphene (Figure 4.2 a) (Peng et al., 2012). The selected 
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area electron diffraction (SAED) pattern revealed two-electron diffraction rings (Figure 

4.2 c). The d-spacing of the rings corresponds to the hkl (reciprocal lattice perpendicular 

plane) values (101) and (112). The elemental content of the synthesized CD was 

determined by EDS. The relative atomic percentage was found to be 92.33 % for carbon 

(C), and 7.67 % for oxygen (O) (Figure 4.3). Circular dichroism was used to investigate 

the chiroptical property of the CDs (Figure 4.4 a). For D-(+)-glucose, the circular 

dichroism spectra display a peak at 184.6 nm due to its chirality. Upon pyrolysis and 

the transformation of the D-(+)-glucose to CDs, the peak was still observed, suggesting 

that the chirality property was intact. Notably, despite dialysis, chirality was present in 

the synthesized CDs, albeit there was a slight decrease in the intensity. The surface 

functional groups of the CD were monitored by Fourier Transform Infrared (FTIR) 

spectroscopy. The peak at 3250 cm-1 is due to the -OH stretching vibrations that show 

the CD’s hydrophilic nature. In addition, the peaks corresponding to C=O (1740 cm-1), 

C=C (1647 cm-1), C-O (1014 cm-1) and C-H (2930 cm-1, 1365 cm-1) are also observed 

(Figure 4.4 b). The typical powder X-ray diffraction profile of the synthesized CD is 

shown in Figure 4.5. The CDs exhibit a broad peak centered around 23.06°, 

corresponding to an interlayer distance of 0.38 nm (002), broader than that of bulk 

graphite (0.364 nm). The broad peak is due to the small size of the synthesized CDs, 

whereas the high value of the interlayer distance is attributed to the oxygen functional 

groups that resulted in a turbostratic structure (Puvvada et al., 2012; Shi et al., 2015). 

Besides, the XRD spectra also show a hump around 44.35°, corresponding to an 

interlayer spacing of 0.20 nm, which may be associated with the (101) planes (JCPDS 

card no. 00-001-0640). 
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Figure 4.2. (a) FETEM image of the CD with a scale bar of 10 nm. Inset: lattice planes 

of an individual CD. (b) Particle size distribution of the synthesized CD. (c) SAED 

pattern of the  CDs. 

 

Figure 4.3. (a) EDS spectra of the synthesized CD. (b) Relative atomic percentage of 

the synthesized CD. 
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Figure 4.4. (a) Circular dichroism spectra of (i) D-(+)-glucose, (ii) the synthesized CD 

(undialysed), and (iii) the synthesized CD (dialysed). (b) FTIR spectra of (i) D-(+)-

glucose, and (ii) the synthesized CD. 

 

Figure 4.5. XRD pattern of the synthesized CD. 

 

4.3.2 Peroxidase-like Activity of the Synthesized CDs 

To the best of our knowledge, CDs synthesized from D-(+)-glucose is not yet 

explored for peroxidase-like activity. Therefore, we evaluated the intrinsic peroxidase-

like activity of the CDs in the presence of H2O2 and ABTS. With the addition of H2O2, 

the CDs can catalyse the oxidation of ABTS to generate a green coloured product, which 

suggests that the CDs possess peroxidase-like activity (Figure 4.6 a). The reaction 

system with CDs or H2O2 alone does not result in a notable colour change. The 

absorbance peak of the oxidized ABTS is at 414 nm. The as-prepared CD also exhibits 

pH-dependent peroxidase-like behaviour, with higher activity at lower pH conditions 

(Figure 4.6 b). Considering the higher peroxidase-like activity at lower pH conditions, 

the CD’s material property was screened at pH 1.0 and pH 5.0 in the absence of H2O2 

using UV-Vis spectroscopy. At pH 1.0, the absorption peak corresponding to C=C at 

252 nm decreased, whereas the absorption peak corresponding to C=O (282 nm) 

increased compared to the CDs at pH 5.0 (Figure 4.7 a). FTIR spectroscopy was used 

to explore the effect on the CD's surface functional groups at different pH levels. It is 

worth noting from the spectra that at pH 1.0, an increase in the intensity of stretching 

vibration corresponding to C=O at 1740 cm-1 and C=C at 1647 cm-1 was observed 
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(Figure 4.7 b). By integrating the results from Figure 4.7 a, and 4.7 b, we suggest that 

the C=O functional group has a vital role in the peroxidase-like activity of the CDs 

derived from D-(+)-glucose. Furthermore, the fluorescence intensity at pH 1.0 was 

lesser than at pH 5.0 (Figure 4.7 c). The phenomenon reported to be caused by the 

surface states C=C bonds of CDs (Tang et al., 2012), which is also in agreement with 

the UV-Vis spectra (Figure 4.7 a), wherein there is a decrease in the intensity of the 

absorbance peak for the C=C band. Interestingly, the stretching vibration intensity of 

C=O further increased upon CD’s interaction with H2O2 (Figure 4.7 d). This may be 

due to the binding of H2O2 to the C=O functional group that resulted in increased 

vibration intensity. Additionally, it can also be assumed that in the pyrolyzed glucose 

structure, one of the carbons bonded to the oxygen of the H2O2, which resulted in the 

formation of C=O, thus causing an increase in the number of C=O groups and linked 

increased intensity. Therefore, the UV-Vis and FTIR spectroscopy study demonstrated 

that the C=O groups play an important role in the CD's peroxidase-like behaviour, 

similar to some previous reports (Sun et al., 2015). 

 

 

Figure 4.6. (a)  UV-Vis absorption spectra of different reaction systems. (i) 

ABTS+H2O2+CD, (ii) ABTS+H2O2, and (iii) ABTS+CD. (b) pH-dependent 

peroxidase-like activity of the CD synthesized from D-(+)-glucose. (i) ABTS+H2O2 

(Control), (ii) pH 1.0, (iii) pH 3.0, (iv) pH 5.0, (v) pH 7.0, and (vi) pH 10.0. 
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Figure 4.7. (a) UV-Vis spectra of (i) D-(+)-glucose, and CD at pH (ii) 5.0 and (iii) 1.0. 

(b) Comparison of the FTIR spectra of CD at pH (i) 5.0 and (ii) 1.0. (c) Comparison of 

the fluorescence  spectra of CD at pH (i) 5.0 and (ii) 1.0. (d) Comparison of the FTIR 

spectra of (i) CD (pH 1.0), and (ii) CD (pH 1.0+H2O2). 

 

Since the peroxidase-like activity of the CDs is H2O2 concentration-dependent, 

we used the CD synthesized from D-(+)-glucose for the label-free H2O2 detection. The 

typical H2O2 concentration-dependent response curve (y = 0.0696x+0.15644) with a 

linear range from 0.01 mM to 20 mM and a LoD of 630 μM (Figure 4.8). The LoD was 

calculated using the formula LoD = 3σ/m, where σ is the standard deviation of the 

absorbance of blank, and m is the slope of the calibration curve. 
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Figure 4.8. (a) The response curve of H2O2 using 10 mg mL-1 CD and 4 mM ABTS. 

The error bars represent the standard deviation (n =3). The experiment was performed 

using 10 mg mL-1 CD and 50 mM ABTS. (b) Linear calibration for H2O2 detection in 

the range 0.01 mM to 20 mM. 

 

4.3.2 Characterization of CD Agglomeration 

To investigate the geometry of the CDs during the interaction with H2O2, we 

measured the UV-Vis absorption, FETEM, XRD, and circular dichroism spectra. With 

increasing H2O2 concentrations, the C=C absorbance peak disappeared, along with a 

slight hyperchromic shift of the C=O peak (Figure 4.9 a). By TEM, we observed that 

the addition of H2O2 to the CDs (pH 1.0) resulted in its agglomeration (Figure 4.9 b), 

similar to the previous report (Das et al., 2021c). Figure 4.10 shows the XRD profiles 

for CD and CD+H2O2. The XRD peak position for CD+H2O2 is shifted to a lower degree 

(20°) than the CD’s peak at 23.06°. The shifting originated due to the introduction of 

more oxygen-containing groups in the CD upon interaction with  H2O2 (Peng et al., 

2012).  Further, the increased intensity of the hump at 44.35° is due to the increased 

molecular orderliness within the agglomerated structures. Besides, the increase in the 

size of the CDs due to agglomeration is supposed to be responsible for the narrow peaks 

in contrast to the broad peaks of the synthesized CD (Londoño-Restrepo et al., 2019). 

Consequently, the selected area electron diffraction (SAED) pattern of the CD+H2O2 

displayed small spots making up the ring (Figure 4.11 b). The spots indicate the 

introduction of polycrystallinity in the CDs. Besides, compared to the pure CD, the 

CD+H2O2 also demonstrated a new diffraction ring with spots corresponding to the 
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(116) plane of the graphite (JCPDS card no. 00-001-0640). Considering these 

observations, it confirms that H2O2 induces some crystallinity in the CD+H2O2 

agglomerated structures. Based on these observations, we assume that at the beginning, 

as a result of H2O2 addition, the CDs drew closer to one another in a proper orientation 

to form agglomerates. As the reaction progresses, well-organized CD+H2O2 moieties 

form a separate polycrystalline phase.  The circular dichroism spectra obtained for CDs 

with different concentrations of H2O2 reflected the change in CD’s chiroptical 

properties as a result of agglomeration (Figure 4.12). The synthesized CD at pH 1.0 

shows a peak around 194 nm. With increasing H2O2 concentrations, the peak at 194 nm 

gradually red-shifted. This observation proved the formation of a CD-H2O2 hybrid 

accompanied by an increase in the size of the CDs. 

 

 

Figure 4.9. (a) UV-Vis absorption spectra of CD (pH 1.0) at different H2O2 

concentrations. (i) CD (control), (ii) CD+1 mM H2O2, (iii) CD+5 mM H2O2, and (iv) 

CD+10 mM H2O2. (b) FETEM image of the effect of H2O2 on the morphology of CD. 

Only CD is shown with yellow arrow and CD+25 μM H2O2 is shown with red arrow. 
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Figure 4.10.  XRD pattern of (i) CD, and (ii) CD+H2O2. 

 

 

Figure 4.11. (a,c) FETEM images, and (b,d) corresponding SAED pattern of CD and 

CD+25 μM H2O2, respectively. 
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Figure 4.12. Circular dichroism spectra of CD (8 mg mL-1) with different 

concentrations of H2O2: (i) CD, (ii) CD+0.025 mM H2O2, (iii) CD+5 mM H2O2, (iv) 

CD+10 mM H2O2, (v) CD+50 mM H2O2. 

 

4.4 Conclusion 

In summary, we have synthesized chiral CDs from D-(+)-glucose through a 

simple single-step pyrolysis method and demonstrated that the nanostructure could be 

utilized as an efficient peroxidase-mimic. However, compared to the L-glutamic acid-

derived CD, the peroxidase-like activity of the D-(+)-glucose  CD was far lower. With 

no carboxylic group in the D-(+)-glucose structure, the -C=O functional group of the 

CD plays a vital role in the peroxidase process. We established for the first time that the 

CDs undergo a structural transition upon their interaction with H2O2. Interestingly, we 

also observed that the concentration of H2O2 significantly affects the chiroptical 

property of the CD. These transitions, however, did not affect the catalytic property of 

the synthesised CD. The H2O2-induced chiroptical nanocrystal CDs can have great 

prospects, especially in drug delivery and clinical applications. This research validates 

the importance of exploring in-depth material modification of CD during the 

interactions for recognition of novel properties. 
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Conclusion and Future Outlook 

 

The replacement of the natural horseradish peroxidase enzyme with CD-based 

peroxidase mimic has attracted enormous attention in diversified fields due to its 

favourable properties. In the present thesis, the primary objective comprised of 

elucidating the mechanism of the peroxidase-like activity of CDs and their application 

potential in clinical diagnosis. In this regard, firstly, simple carbon-containing 

molecules as model compounds were examined to understand the role of the carboxylic 

group, carbonyl group, hydroxyl group, and amine group in H2O2 binding and their 

decomposition. From both theoretical and experimental investigations, we 

demonstrated for the first time that the carboxylic group binds to H2O2 with maximum 

energy and exhibits maximum peroxidase-like activity in contrast to the carbonyl, 

hydroxyl, and amine group. A detailed analysis revealed that the presence of the amine 

group near the carboxyl group resulted in a higher degree of peroxidase-like activity. 

Accordingly, we identified L-glutamic acid as a potential candidate to synthesize CDs. 

Subsequently, an in-depth investigation was carried out to determine its mechanism of 

peroxidase-like activity. Our study confirmed that the synthesized CD interacts 

electrostatically with the ABTS and via hydrogen bonding with the H2O2 through the 

surface-bound carboxylic group. The interaction resulted in charge transfer from ABTS 

through CD to H2O2, wherein the CD acted as a semiconducting electron trap. The LoD 

of H2O2 achieved through the colorimetric-based peroxidase assay was determined to 

be 110 μM. Besides, substrate-induced aggregation of the CDs over time in the aqueous 

medium was one of the crucial challenges noticed in the current investigation. 

Therefore, to eliminate the aforementioned phenomenon, we suggested solid platforms 

such as paper platforms as a suitable medium for peroxide assays. We envision that the 

findings will provide prospects for establishing improved H2O2 detecting platforms.  

The next phase of the investigation involved the evaluation of the application potential 

of the pyroglutamate CD in clinical diagnosis. Multifaceted interaction studies showed 

that the fluorescence signals of CD are susceptible to the proteins/enzymes, their 

substrate, and the blood serum medium. Notably, the fluorescence intensity of the CD 

increased to many folds in the presence of proteins/enzymes. The strong electrostatic 
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interaction between the CD and the proteins, which further increased the binding 

energy, is most likely responsible for the observed fluorescence cross-talk. 

Additionally, we noticed the involvement of the longest lifetime component on the 

CD’s surface in the fluorescence enhancement using time-resolved fluorescence 

lifetime measurement. The binding event also increased the β strand component in the 

protein’s secondary structure, exposing the TRP/TYR residues, and initiating the FRET 

phenomenon with the CDs. Nevertheless, the addition of substrate into the reaction 

system generated the peroxide that obstructed the FRET phenomenon occurring 

between the CD and the redox enzyme. It was observed that the enzymatic reaction 

suffered much interference in the blood serum system in contrast to the buffer system. 

We found that autofluorescent serum components with emission wavelength similar to 

that of the CDs are the cause of interference in the blood serum medium. In order to 

reduce the interference, we proposed filtering of serum components before the addition 

of CD to the reaction system. Besides, we noted that the ABTS dye-based colorimetric 

detection approach is suitable to resolve the issue, wherein the blood serum components 

showed no interference. Since the CD drastically affects the catalytic function of the 

enzymes, we recommend the addition of CD following the incubation of the substrate 

with the enzyme 

Finally, another CD was prepared from D-(+)-glucose using a one-step pyrolysis 

method. The reason for selecting D-(+)-glucose as the precursor was to analyse whether 

the chirality of the aforementioned is retained after its transformation to the zero-

dimensional CDs. The synthesized CDs preserved the chirality of D-(+)-glucose and 

displayed as an efficient peroxidase-mimic with a LoD of H2O2 calculated to be 630 

μM. In this case, the -C=O functional group of the CD played a crucial role during the 

catalytic activity. Interestingly, in this study, we observed that the synthesized CD 

undergoes a structural transition upon its reaction with H2O2. The molecular orderliness 

of the CDs increased with the addition of H2O2 thereby leading to the introduction of 

polycrystallinity in the nanostructure. The peroxidase-like activity of the CD was not 

hampered during the event. However, we noted that the chiroptical property changed 

with increasing H2O2 concentrations. The study as a whole displayed the significance 

of exploring in-depth nanostructure material modification during interactions to identify 

novel attributes. 
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In a nutshell, the present thesis work presented a systematic and in-depth investigation 

of the CD-based peroxidase mimic. We expect that the investigation would help 

discover new horizons in the field of nanozyme, thereby increasing its practical 

applicability in analytical fields. 

 

Future outlook 

The findings embodied in this thesis require further exploration to improve the scope of 

CD-based peroxidase mimics in biosensing applications. On a critical examination of 

the work, the following are some major challenges that may be addressed in the future: 

(i) Peroxide substrate-induced aggregation of CDs, which hampers analytical 

response.  

(ii) Interference (autofluorescence) from the blood serum is a major obstacle for 

utilizing CD as a fluorescence probe for peroxide detection.  

(iii) Improving the catalytic turnover of CD, which is inferior to HRP, for faster 

reaction and rapid analysis of samples.  

(iv) Reusability and suitable immobilization strategy of CD on solid surfaces for 

developing sensing devices for peroxide detection.  
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