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1.1 Introduction: 

The combination of carbon quantum dots (CQDs) with nucleic acids is a major 

advancement in bioimaging within the field of biomedical research. By combining the 

unique features of CQDs with the customizable abilities of nucleic acids, scientists are 

opening up new possibilities for accurate diagnosis and specialized treatments. This 

convergence of nanotechnology and biomedicine holds the promise of revolutionizing 

the understanding and treatment of complex diseases. With the growing need for better 

imaging techniques, studying CQD-nucleic acid combinations has become crucial, 

offering significant potential for personalized medicine and precise healthcare 

solutions. This chapter delves into the synergistic relationship between CQDs and 

nucleic acid, highlighting their collaborative impact on enhancing bioimaging 

techniques. 

1.2 History of CQDs:  

CQDs are a class of carbon-based nanomaterials that have garnered significant 

attention in recent years due to their unique properties and diverse potential 

applications, including optoelectronics, sensing, bioimaging, and photocatalysis. 

The history of CQDs is relatively short compared to other carbon-based 

materials like carbon nanotubes and graphene. In 2004, Xu and his team [1] accidentally 

discovered fluorescent carbon nanoparticles while working on single-walled carbon 

nanotubes. This unexpected finding revealed the unique optical properties of these 

nanoparticles and sparked interest in their potential applications. 

Two years later, in 2006, Sun and his colleagues [2] synthesized non-toxic 

carbon nanoparticles of various sizes and termed them CQDs. These CQDs, a type of 

quantum dot, measure less than 10 nanometers in size. These pioneering studies played 

a crucial role in the early understanding and characterization of CQDs, paving the way 

for subsequent research efforts focused on their synthesis through various methods and 

the exploration of their properties and applications across diverse fields. 

The discoveries by Xu et al. [1] and Sun et al. [2] were significant milestones in 

the development of CQDs. Since then, research in this field has continued to evolve, 
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with contributions from numerous scientists and research groups worldwide, leading to 

deeper insights into the synthesis, properties, and applications of CQDs. 

1.3 Size and Structure:  

CQDs can exhibit various structures, ranging from sp²-hybridized graphitic 

carbon to amorphous carbon domains. Their precise structure often depends on the 

synthesis route and the conditions employed during fabrication. The size of CQDs can 

be tuned by adjusting parameters such as temperature, pressure, synthesis precursors, 

and reaction time. 

In its bulk form, carbon generally has low solubility in water and exhibits weak 

fluorescence. These limitations reduce its suitability for applications requiring strong 

optical properties and compatibility with aqueous environments. However, CQDs, a 

specialized form of carbon nanoparticles, possess unique characteristics that set them 

apart. 

CQDs are exceptionally small, typically less than 10 nm in size, which enhances 

their quantum confinement effects—a phenomenon in which the electronic and optical 

properties of materials change significantly at the nanoscale. This quantum 

confinement contributes to their strong luminescence, enabling CQDs to emit bright 

fluorescence under UV or visible light excitation. 

A key feature of CQDs is their water solubility, which arises from the presence 

of functional groups, particularly carboxylic acid (-COOH) groups, on their surface. 

Carboxylic groups are commonly found in CQDs due to the use of carboxyl-rich 

precursors (e.g., citric acid) during synthesis, as well as surface oxidation processes. 

These groups enhance water solubility and biocompatibility while also providing active 

sites for functionalization. 

The carboxylic groups not only improve solubility by facilitating interactions 

with water molecules but also enhance the surface reactivity of CQDs, making them 

suitable for conjugation with biomolecules or other functional agents. As a result, 

CQDs combine the advantages of small size, high fluorescence, and water solubility—

attributes largely influenced by their surface chemistry and structural features—making 

them highly versatile for applications in bioimaging, sensing, and drug delivery. 
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Typically, CQDs are carbon-based nanomaterials with sizes below 10 nm, and 

all nanoscale carbon materials fall under this classification. They possess a spatial 

structure comprising sp²/sp³ hybridization, with fluorescent emission being an intrinsic 

property [2]. 

1.4 Properties of CQDs:  

Over the past few years, CQDs have attracted significant interest from chemists 

due to their distinct properties, including their natural abundance, high surface area, 

adaptable functionalization, non-cytotoxicity, and excellent water solubility. These 

unique characteristics make CQDs highly attractive for various applications. CQDs 

exhibit exceptional optical properties, such as strong photoluminescence, which can be 

tuned by controlling their size, surface chemistry, and composition. Figure 1.1 

illustrates the key properties of CQDs and their potential attributes. These properties 

are discussed in detail in the following sections.  

Figure 1.1: Properties of CQDs. 

1.4.1 Photoluminescence (PL):  

Photoluminescence (PL) is a phenomenon in which a material emits light after 

absorbing photons. In the case of CQDs, this process occurs due to the recombination 

of electron-hole pairs. When CQDs are excited by photons, typically through UV or 

visible light irradiation, electrons absorb energy and transition to higher energy levels, 

leaving behind holes in the lower energy levels. As these excited electrons return to 

their ground state, they emit photons, resulting in the characteristic light emission of 



 
Introduction to carbon quantum dots and literature review                                                                           

        Chapter I                                                                                                                       Page 6 
 

CQDs. For instance, smaller CQDs tend to emit light at shorter wavelengths (blue or 

green), whereas larger CQDs emit light at longer wavelengths (red or near-infrared). 

To date, no researchers have identified a definitive PL mechanism for CQDs. 

However, two primary light-emission mechanisms have been proposed: one based on 

band gap transitions in the conjugated π domain and the other on surface defects of 

CQDs [3]. 

Some studies attribute the red-shift in the emission of CQDs to quantum size effects, 

based on the first explanation. Specifically, CQDs exhibit particle size-dependent PL 

behavior when their size is smaller than their exciton radius [4]. The surface state is the 

primary factor influencing fluorescence variation in CQDs. This refers to the 

relationship between the luminescence properties of CQDs and their surface functional 

groups [5]. These functional groups can create various energy potential traps, with both 

sp²- and sp³-hybridized regions contributing to surface energy traps [6]. The 

fluorescence of CQDs derived from surface state defects is attributed to the localized 

π-electron structure of electron-hole pairs in the sp² state. In doped CQDs, the 

luminescence mechanism is primarily governed by surface state luminescence. 

Additionally, doping can significantly enhance the fluorescence quantum yield of 

CQDs [7]. 

In addition, some CQDs exhibit up-conversion photoluminescence (UCPL) [8], a 

phenomenon in which light of a shorter wavelength is emitted after the sequential 

absorption of two or more photons with a longer wavelength. CQDs with UCPL 

properties are highly advantageous for in vivo imaging due to their unique ability to 

emit light when excited by longer-wavelength radiation, such as near-infrared (NIR). 

1.4.2 Tunable emission:  

The emission spectrum of CQDs can be precisely controlled by adjusting 

synthesis parameters such as reaction temperature, precursor composition, and surface 

functionalization. This tunability allows researchers to modify the emission properties 

of CQDs to suit specific application requirements. 

One fascinating property of CQDs is their ability to modify their optical and 

electrical properties based on particle size. As illustrated in Figure 1.2, this feature 
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enables the achievement of a wide range of wavelengths and conductive behaviors. To 

analyze the optical and structural properties of synthesized CQDs and optimize their 

performance, advanced characterization techniques such as spectroscopy, microscopy, 

and electrochemical methods are employed [9]. 

 

Figure 1.2: A) Size-dependent fluorescence emission spectra of QDs and (B) different 

relative particle sizes with diameters between 2.1-7.5 nm [9].   

For instance, in bioimaging applications, CQDs with emission wavelengths in 

the near-infrared (NIR) region are preferred due to their deeper tissue penetration and 

reduced autofluorescence. Similarly, in applications such as sensors, optoelectronics, 

and photocatalysis, CQDs can be tailored to exhibit specific emission characteristics 

that align with the desired functionality. 

1.4.3 Quantum yield (QY):  

 QY is the ratio of emitted number of photons to number of photons absorbed. It 

quantifies the ability of particle to release absorbed electromagnetic radiation as 

photons. The QY of CQDs are proportional to its fluorescence property. Surface 

functionalization of CQD also affects QY. High QY of CQD is generally attributed to 

presence of varied organic fluorescence on the surface of CQDs.  

1.4.4 Surface functionalization:  

The surface of CQDs plays a crucial role in determining their optical properties 

and stability. Surface passivation and functionalization with various organic ligands or 
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polymers can enhance the PL quantum yield, improve colloidal stability, and impart 

biocompatibility to CQDs. Additionally, surface functionalization enables the 

conjugation of biomolecules such as nucleic acids, peptides, antibodies, and small 

molecules, expanding the applications of CQDs in biosensing and targeted imaging. 

Surface passivation is particularly important for enhancing the PL properties of 

CQDs and facilitating the adsorption of biomolecules onto their surface. CQDs consist 

of both sp² and sp³ carbon domains, which contain numerous defects that create energy 

gaps, leading to variations in their PL behavior [10]. 

Various polymers, such as polyethylene glycol (PEG) and polyethyleneimine 

(PEI), have been employed for surface functionalization. This highlights the crucial role 

of functionalization agents in enhancing PL properties. Utilizing this approach, 

nitrogen, oxygen, sulfur, and phosphorus groups have also been doped into CQDs [11]. 

Overall, surface functionalization with organic molecules and polymers is an 

effective strategy for enhancing the fluorescence intensity of CQDs. Optimizing 

functionalization conditions and selecting appropriate functionalization agents can lead 

to CQDs with enhanced fluorescence properties. 

In summary, the exceptional optical properties of CQDs, particularly their strong 

PL and tunable emission, make them promising materials for a wide range of 

applications in bioimaging, sensing, and optoelectronics. 

1.4.5 Minimum photobleaching: 

 CQDs exhibit remarkable resistance to photobleaching, making them highly 

desirable for long-term imaging and sensing applications. Photobleaching refers to the 

irreversible loss of fluorescence intensity when fluorophores are exposed to prolonged 

light irradiation. Unlike traditional organic dyes or fluorescent proteins, CQDs 

demonstrate exceptional photostability due to their robust carbon-based structure and 

resistance to photo-induced degradation. 

This characteristic allows CQDs to retain their fluorescence even under 

prolonged or intense light exposure, ensuring consistent and reliable performance in 

applications like bioimaging, optoelectronics, and photodynamic therapy. Their 
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minimal photobleaching not only enhances their suitability for dynamic and time-lapse 

studies but also reduces signal loss, thereby improving the accuracy and efficiency of 

fluorescence-based techniques [12]. 

1.4.6 Biocompatibility: 

CQDs are highly valued for their excellent biocompatibility, making them ideal 

for a wide range of biomedical applications. As carbon-based nanomaterials, CQDs 

exhibit minimal toxicity and negligible immunogenicity, ensuring safe interactions with 

living cells and tissues. Their surface can be easily functionalized with biocompatible 

molecules, enabling targeted delivery for therapeutic or diagnostic purposes. 

Due to their ability to interact with biological environments without causing 

adverse effects, CQDs have been extensively used in bioimaging, drug delivery, and 

biosensing. Additionally, their water solubility and chemical stability make them well-

suited for both in vivo and in vitro applications, highlighting their potential as a safe 

and effective tool in regenerative medicine and nanomedicine [13]. 

1.5 Synthesis of CQDs: 

Over the past decade, researchers have developed numerous methods for 

synthesizing CQDs, which can be broadly classified into top-down and bottom-up 

approaches. This chapter provides a detailed overview of the synthesis methods for 

CQDs. Figure 1.3 illustrates the different techniques used.  

Figure 1.3: Synthesis methods of CQDs. 
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However, several challenges arise during CQD synthesis. One major issue is 

carbonaceous accumulation during carbonization, which can be addressed using 

methods such as electrochemical synthesis, confined pyrolysis, or solution chemistry 

techniques. Another challenge is maintaining size control and uniformity, as achieving 

consistent CQD size is crucial for ensuring reproducibility in manufacturing and 

applications. Additionally, the surface properties of CQDs play a significant role in 

their solubility and overall functionality, making it essential to carefully optimize 

surface chemistry both during and after synthesis to enhance their suitability for specific 

applications. 

1.5.1 Electrochemical method:  

The electrochemical approach is a top-down method for synthesizing CQDs 

through the nonselective chemical cutting of carbon materials such as graphite, carbon 

nanotubes, or carbon fiber electrodes. However, CQDs produced using this method 

often exhibit uneven sizes and distributions, necessitating additional purification steps 

like filtration or chromatography to obtain monodispersed CQDs. 

In a reported method, CQDs are synthesized from o-phenylenediamine (OPD) 

through a series of steps, including polymerization, carbonization, and passivation at 

an anode. Initially, OPD molecules undergo oxidation at the anode, where electrons are 

removed from the nitrogen atom, leading to the formation of free radicals. These 

radicals subsequently react with other OPD molecules, forming dimers, trimers, and 

polymers. Due to the negligible protonation of the amino group in OPD, the resulting 

polymers predominantly adopt ladder-like structures. 

To obtain CQDs, the polymers are further subjected to carbonization and 

passivation. Notably, during electrolysis, the formation of NaCl, H₂, and Cl₂ occurs at 

the cathode and anode, which also plays a role in CQD formation [14]. 

A modified one-pot electrochemical synthesis of CQDs was reported by Deng 

et al. [15]. In their study, CQDs were fabricated using alcohol as a precursor within a 

three-electrode system. This system comprised platinum sheets as the working and 

counter electrodes, while calomel electrodes served as reference electrodes. The 

electrode distance was controlled using rubber plugs. 
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During the electrochemical process, alcohol undergoes carbonization, resulting 

in the formation of extremely small carbon particles, or CQDs. This method provides a 

simple and efficient approach for synthesizing high-quality CQDs. Figure 1.4 illustrates 

this electrochemical carbonization process. 

For the electrochemical synthesis of green CQDs, graphite rods were used as 

electrodes in an alcoholic NaOH solution, with a constant current of 50 mA applied via 

a DC power supply. The electrolyte solution (0.1M NaOH and EtOH) facilitated the 

formation of C₂H₅ONa⁺ and OH⁻ ions. The negatively charged OH⁻ ions migrated 

toward the anode, initiating the electrochemical cutting of graphite and the production 

of CQDs. This mechanism effectively generates green CQDs [16]. 

Figure 1.4: Schematic representation of CQD fabrication process using the 

electrochemical method with OPD as the carbon source [15]. 

1.5.2 Laser ablation:  

The laser ablation method is widely used to obtain colloidal nanoparticle 

solutions in various solvents. This technique offers several advantages, including high 

fabrication rates, fine particle sizes, and excellent monodispersity. In this process, a 

laser beam is directed onto a target material, rapidly heating and vaporizing it. The 

vaporized material then condenses in the surrounding liquid medium, forming 

nanoparticles. By adjusting laser parameters such as energy and pulse duration, the size 

and shape of the nanoparticles can be precisely controlled. 
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Additionally, using multi-target precursors enables the synthesis of 

nanoparticles with diverse compositions. By selecting different target materials and 

fine-tuning laser settings, researchers can engineer nanoparticles with tailored material 

properties for specific applications, including catalysis, energy storage, and sensing. 

Overall, laser ablation is a versatile and efficient method for producing colloidal 

nanoparticles with controlled size, composition, and properties for a wide range of 

applications. In a study conducted by Y. Hou et al. [17], N-heptane was selected as the 

solvent for the laser ablation process. Activated carbon (5 mg) was dispersed in 10 mL 

of N-heptane using ultrasonication for 20 minutes. Following dispersion, laser 

irradiation was performed for 130 minutes, during which the suspension changed to a 

yellowish hue, confirming the formation of CQDs (as illustrated in Figure 1.5). 

Figure 1.5: Schematic representation of laser ablation method for synthesis of carbon 

nanoparticles [17]. 

This method employs laser ablation to disperse powders, producing 

nanomaterials with a homogeneous surface structure and a narrow size distribution. 

Additionally, during laser ablation, complex functionalization of nanoparticles can be 

achieved by incorporating specific ligands into various liquid media, enabling active 

species to interact with molecules in solution [18]. 

In another study, hexagonal boron nitride (hBN) was used as a precursor for 

CQD synthesis via laser ablation. The femtosecond laser ablation technique 

successfully tuned the PL of boron nitride quantum dots (BNQDs) from the ultraviolet 

(UV) to the green region. The synthesized CQDs exhibited three distinct luminescence 

wavelengths: UV, blue, and green. Various liquids, including ethanol, diethylamine, 
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and ethylenediamine, were used as dispersion media for hBN powder, leading to the 

formation of BNCQDs, which hold potential as fluorescence probes for bioimaging. 

Additionally, polyethyleneimine (PEI) and graphite were utilized in laser ablation to 

synthesize fluorescent carbon dots, further demonstrating the versatility of this 

technique [19]. 

Kaczmarek et al. [20] proposed the use of nanoparticles or quasi-molecular 

fluorophores synthesized by combining PEI and ethylenediamine (EDA). Their study 

revealed that the QY—a measure of photon emission efficiency—was five times higher 

in the dialysate (the liquid that passes through a dialysis membrane) than in the retentate 

(the remaining liquid after dialysis). This suggests the presence of free fluorescent 

molecules, which significantly contribute to the observed luminescence. 

1.5.3 Microwave radiation:  

Numerous synthesis methods have been developed for preparing carbon 

nanoparticles, offering a diverse range of approaches. However, many of these methods 

are time-consuming, complex, and economically unfeasible. Unlike traditional 

microwave-assisted synthesis, reverse microwave-assisted synthesis accelerates 

chemical reactions at low temperatures, operating within a power range of 100W–

200W.  

This method was used to rapidly synthesize nitrogen-doped carbon quantum dots 

(N-CQDs) by mixing a 10% glucose solution with a 25% ammonium hydroxide 

solution in a 5:1 ratio. The mixture was subjected to microwave irradiation at 100°C 

for 1 minute, yielding N-CQDs with a high nitrogen content, primarily in the form of 

pyridinic/NH₂ groups.  

Additionally, these N-CQDs demonstrated photocatalytic activity in degrading 

Rose Bengal (RB), a highly toxic organic dye classified as genotoxic, mutagenic, and 

cytotoxic [21]. An alternative synthesis approach utilized silk fibroin (SF), a biomedical 

waste material, making it a sustainable option for applications in bioimaging, 

biosensing, and drug delivery.  

Ko N. R et al. [22] proposed alternative methods for synthesizing nitrogen-doped 

CQDs using cocoon silk through an autoclave process. However, the microwave 
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assisted method is considered more advantageous due to its shorter synthesis time and 

the production of larger, more uniform CQDs. The literature highlights several 

mechanisms for enhancing reactions via microwave-assisted techniques, including 

thermal effects, specific microwave effects, and non-thermal effects.  

In this study, lemon and onion biomass were used for the microwave-assisted 

synthesis of CQDs, as illustrate in Figure 1.6. This developed analytical approach 

analyzed various commercial vitamin and mineral supplements, with a particular focus 

on riboflavin quantification. This method has been evaluated against established 

techniques, demonstrating its potential for accurate riboflavin determination [23]. 

Figure 1.6: Schematic representation of microwave-assisted CQDs from lemon and 

onion [23]. 

1.5.4 Hydrothermal/ solvothermal method:  

Hydrothermal synthesis is a bottom-up approach for preparing nanomaterials, 

based on a solution-phase reaction process. In this method, a Teflon-lined autoclave is 

used, where high temperatures and pressures are applied to the reaction materials. 

Pressure is generated by tightly sealing the autoclave valves. 

CQDs can be synthesized via single-step pyrolysis using citric acid and 

branched PEI at temperatures above 200°C. The PEI-functionalized CQDs, exhibiting 

a QY of 42.5%, have been utilized for chemical sensing [24]. 

CQDs synthesized from carrot juice via the hydrothermal method demonstrated 

maximum photoluminescence excitation at 360 nm, emitting at 442 nm, revealing a 
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Stokes shift of 82 nm [25]. The emission peak wavelength varies with excitation due to 

the broad size distribution of CQDs. 

A facile one-step approach has been employed to synthesize nitrogen and sulfur-

doped CQDs from L-lysine and thiourea. These CQDs exhibit a high QY of 53.19%, 

emit strong blue fluorescence under UV light, and have been applied for picric acid 

detection [26]. 

Several studies have explored small organic molecules as carbon sources for 

CQD synthesis. For instance, Chen et al. [27] utilized carbon tetrachloride as a carbon 

source and NaNH2 as a nitrogen dopant via the hydrothermal method, yielding nitrogen-

doped CQDs with a graphite-like structure (~3.3 nm lateral size and 0.5–5 nm height). 

In hydrothermal-assisted pyrolysis, Kundu et al. [28] adopted a green synthesis 

route using citric acid, passivated with branched PEI, to enhance surface functionality. 

The resulting nitrogen-doped CQDs exhibited multicolor emission, making them 

suitable for cellular imaging. 

Xie et al. [29] synthesized green-emitting CQDs from highland barley (carbon 

source) and ethylenediamine (nitrogen source) using the hydrothermal method. These 

CQDs demonstrated selective and sensitive Hg²⁺ detection via fluorescence quenching, 

exhibiting excitation-dependent fluorescence with a size range of 4.5–7 nm and strong 

blue emission. Figure 1.7 illustrates the hydrothermal synthesis of CQDs using 1,5-

diaminonaphthalene (DAN) and citric acid, along with the resulting CQD structure. 

Figure 1.7: (a) Schematic representation of CQD by hydrothermal method using 1,5-

diaminonaphthalene (1,5-DAN) and citric acid, and (b) Reaction pathway and particle 

structure [29]. 
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1.5.5 Pyrolysis method:  

The field of CQDs was revolutionized by Emmanuel P. Giannelis and his 

research team [30], who pioneered a novel synthesis method involving the controlled 

carbonization and pyrolysis of organic small molecules. This breakthrough led to the 

creation of highly luminescent CQDs, opening new frontiers in materials science. Their 

research revealed that ammonium citrate salts play a crucial role in CQD synthesis, 

where the organic ammonium component acts as a surface modifier, and citrate serves 

as the primary carbon source. This synergistic interaction results in brightly fluorescent 

CQDs with diverse applications across various fields. 

By carefully selecting surface modifiers, researchers have fine-tuned CQD 

properties, yielding both organic and hydrophilic variants. Notably, they discovered 

that amide functionalization in CQDs, essential for modulating reactive oxygen species 

(ROS) generation, originates from surface proteins of bacterial origin. Beyond citrate-

based precursors, a variety of small organic molecules have been successfully 

employed in pyrolytic CQD synthesis, including: EDTA-derived polymers, Epoxy-

enriched polystyrene, Natural precursors such as hair, tea leaves, konjac flour, and red 

pepper. 

The diversity of these precursor materials highlights the versatility of CQD 

synthesis, paving the way for cutting-edge applications in biomedicine, optoelectronics, 

and beyond. 

Figure 1.8: Schematic representation of fennel seeds CQD synthesis by pyrolysis 

technique [31]. 
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Mono-dispersed CQDs were successfully synthesized from Foeniculum vulgare 

(fennel seeds) through a one-step thermal decomposition approach (Figure 1.8) [31]. 

These CQDs exhibited: (a) High photostability with resistance to photodegradation, (b) 

Superior colloidal stability, (c) pH stability without the need for additional surface 

passivation, and (d) Strong excitation-independent photoluminescence. 

The reaction time and temperature during pyrolysis significantly impact CQD 

formation, influencing size, structure, and optical properties. However, a major 

limitation of the carbonization-pyrolysis method is the difficulty in achieving precise 

size and structural control due to carbon aggregation during synthesis. Consequently, 

purification and sonication are critical steps to ensure monodispersed, high-quality 

CQDs. 

1.6 CQDs-Nucleic acid conjugate: 

1.6.1 Introduction to nucleic acid and its significance:  

DNA serves as the blueprint for the genetic information of an organism. It 

contains instructions necessary for the development, growth, and functioning of living 

organisms. RNA acts as an intermediary molecule that translates the genetic 

information encoded in DNA into functional proteins through the process of 

transcription and translation. Understanding the structure and function of nucleic acids 

is unraveling the complexities of genetic diseases, cancer, and developmental disorders.  

 Nucleic acid plays pivotal roles in diagnostic techniques such as polymerase 

chain reaction (PCR), DNA sequencing, and gene expression profiling. These methods 

enable the detection of genetic mutations, infectious agents, and gene expression 

patterns associated with diseases. In biomedicine, nucleic acids serve as therapeutic 

agents in gene therapy, RNA interference (RNAi), and antisense therapy. These 

approaches leverage the ability of nucleic acids to modulate gene expression, target 

specific molecular pathways, and treat genetic disorders and viral infections. 

 Nucleic acid can be conjugated with various nanoparticles, quantum dots, and 

fluorophores to enhance their imaging properties, target specificity, and 

biocompatibility. Their multifaceted roles underscore their significance in biomedical 

research and their potential to revolutionize healthcare in the future. 
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1.6.2 Methods for conjugation of nucleic acids with CQDs:  

The conjugation of nucleic acids with CQDs has potential uses in biosensing, 

bioimaging, drug delivery, and therapies. Here are some methods commonly used for 

conjugating nucleic acids with CQDs: 

1.6.2.1 Covalent conjugation:  

Covalent conjugation involves the formation of strong, stable chemical bonds 

between CQDs and nucleic acids. For covalent conjugation, CQDs can be 

functionalized with amine groups and carboxyl groups. In amine group 

functionalization CQDs conjugated with nucleic acids via amide bond formation. 

Amine functionalization involves introducing amino (-NH2) groups onto the surface of 

CQDs. This can be accomplished by using amine-reactive cross-linkers like NHS (N-

hydroxysuccinimide) esters. Nucleic acids can be conjugated with carboxyl 

functionalized CQDs through carboxyl functionalization. Carboxyl functionalization 

involves introducing carboxyl (-COOH) groups onto the surface of CQDs. This can be 

achieved through various methods as oxidation of hydroxyl groups and surface 

modification with carboxyl groups. The oxidizing agents such as nitric acid and 

potassium permanganate were used to oxidize hydroxyl groups. For surface 

functionalization with carboxyl groups citric acid and succinic anhydride were used. 

These covalent conjugation methods offer advantages such as increased stability 

and control over the conjugation process. However, careful optimization of reaction 

conditions is required to ensure efficient conjugation while maintaining the integrity 

and functionality of both CQDs and nucleic acids. Additionally, the choice between 

amine and carboxyl functionalization depends on factors such as the desired orientation 

of the conjugated molecules and compatibility with downstream applications. 

1.6.2.2 Non-covalent conjugation: 

 Non-covalent conjugation refers to the association or binding of molecules 

through noncovalent interactions, such as hydrogen bonding, van der Waals forces, π-

π interactions, electrostatic interactions, and hydrophobic interactions, rather than 

forming strong chemical bonds. π-π stacking interactions between the aromatic rings of 

nucleic acids and the surface of CQDs can facilitate non-covalent conjugation. In 
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electrostatic interactions, functionalized CQDs with charged groups can interact 

electrostatically with nucleic acids, which are negatively charged under physiological 

conditions. This type of conjugation is common in various biological processes and the 

design of functional materials.  

Each of these methods offers advantages and limitations depending on the 

specific application requirements, such as conjugation efficiency, stability, and 

biocompatibility. The choice of method depends on factors such as the desired stability 

of the conjugate, the specificity of the interaction, and the compatibility with 

downstream applications.  

Recent studies have focused on the interaction between CQDs and different 

types of DNA, including double-stranded DNA (dsDNA) and single-stranded DNA 

(ssDNA). These interactions have shown distinct fluorescence behavior [32]. For 

instance, Loo et al. [33] developed a sensing platform that utilized CQDs and a 

fluorescently labeled ssDNA probe called the FAM L-probe. This platform was 

designed to detect a specific DNA strand. The fluorescence of the FAM L-probe 

(ssDNA) was effectively quenched by CQDs when it was in the presence of single-

stranded DNA unless it formed a double-stranded DNA complex with the target DNA. 

In summary, the interaction between CQDs and different types of DNA, such 

as dsDNA and ssDNA, has demonstrated unique fluorescence behavior, leading to the 

development of sensitive sensing platforms for DNA detection. The findings suggest 

that the interaction between positively charged CQDs can have significant effects on 

the structure and conformation of DNA [34]. The ability of CQDs to induce the 

transition of B-DNA to Z-DNA highlights their potential role in modulating important 

biological processes [35]. The binding of CQDs to the major groove of DNA further 

supports their strong interactions with nucleic acids. This understanding of the 

interaction between CQDs and DNA can have implications not only in sensing 

applications but also in the development of novel strategies for DNA manipulation and 

control in biotechnology and nanomedicine [36]. 

1.7 Characterization techniques to confirm CQD-nucleic acid conjugates:  

To confirm the successful conjugation of nucleic acids with CQDs, comprehensive 

characterization using various analytical techniques are essential. Spectroscopic 
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methods, such as UV-Vis absorption spectroscopy and fluorescence spectroscopy, 

evaluate changes in the optical properties of CQD-nucleic acid conjugates compared to 

bare CQDs. Dynamic light scattering (DLS) and zeta potential measurements provide 

valuable insights into the size distribution and surface charge of the conjugates, which 

are critical for their stability and colloidal behavior. Additionally, transmission electron 

microscopy (TEM) and atomic force microscopy (AFM) offer morphological analysis, 

revealing details about particle size, shape, and surface structure. 

1.8 Need for Bioimaging: 

The phrase "bioimaging" especially refers to fundamental imaging techniques 

that entail the non-invasive observation and real-time detection of biological activity. 

Today, bioimaging has become a significant, dependable medical technique for 

identifying and treating a variety of illnesses that affect the human body while barely 

interfering with normal biological functions. Bioimaging facilitates the measurement 

of ions and metabolite levels, as well as the observation of subcellular organelles, cells, 

tissues, and even multicellular organisms. Light, electrons, ultrasound, X-rays, 

magnetic resonance, and positrons have all been used up to this point [37]. 

1.9 Bioimaging techniques: 

Modern imaging technologies focus on structural and anatomical imaging at the 

organ or tissue level. Each imaging modality has its own advantages and limitations in 

terms of specificity, sensitivity, cost-effectiveness, and spatial and temporal resolution 

[38]. 

For example, radioisotope imaging enables simultaneous visualization of 

multiple target tissues in a single scan, supported by computerized analytics. However, 

this technique has significant drawbacks, including non-specificity in disease detection, 

making it difficult to distinguish between benign and malignant tumors. It also struggles 

with precise localization of the emission source and exposes patients to high radiation 

levels, increasing health risks such as gene mutation. 

Similarly, conventional X-ray imaging is a widely used and practical diagnostic 

tool with relatively low radiation exposure. However, it has several limitations, 

including the extensive use of ionizing radiation, which can be harmful to the human 
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body, a time-consuming film development process, and low accuracy in detecting 

physical abnormalities. In contrast, digital X-ray imaging addresses many of these 

limitations by significantly reducing radiation exposure, allowing for easy image 

processing with higher resolution, and being more cost-effective and environmentally 

friendly. 

Computed Tomography (CT) scanning provides high-resolution, cross-

sectional images and enables rapid image acquisition. However, its high radiation dose 

makes it unsuitable for frequent use, and some patients may experience adverse 

reactions to the procedure. 

Ultrasound imaging is a non-invasive and cost-effective alternative to 

radioisotope imaging, X-rays, and CT scans. It provides clear visualization of soft 

tissues without radiation exposure, making it a safer option. However, ultrasound has 

limitations, such as lower resolution compared to other imaging techniques and limited 

penetration through bone, which restricts its application in skeletal imaging [39]. 

Positron Emission Tomography (PET) imaging offers high sensitivity, making 

it valuable for detecting metabolic and functional changes. However, it relies on 

radioactive tracers, which increase radiation exposure, and its high operational costs 

require expensive cyclotrons for radionuclide production. 

Magnetic Resonance Imaging (MRI) provides high spatial resolution, 

particularly for soft tissue and neurological imaging. However, it has drawbacks, 

including lower sensitivity compared to other imaging techniques and limited ability to 

provide precise chemical or dynamic data [40]. 

Each imaging technique has its strengths and weaknesses. While MRI and PET 

offer superior resolution and sensitivity, they come with high costs and operational 

challenges. Ultrasound remains a safer and more economical choice, although it has 

some resolution limitations. Digital X-ray and CT scanning provide detailed imaging, 

but concerns about radiation exposure remain significant. The choice of imaging 

modality depends on clinical requirements, safety considerations, and cost-

effectiveness. 
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Due to their specific drawbacks, conventional imaging technologies have been 

found unsuitable for biophotonics applications, often leading to ineffective diagnosis. 

Enhancing imaging techniques for better cellular visualization has become a critical 

area of focus, aiming to enable faster and more accurate detection, screening, diagnosis, 

and image-assisted treatment of life-threatening diseases, including cancer. 

In this context, fluorescence imaging, when combined with appropriate contrast 

agents, presents a highly effective approach for both fundamental research and clinical 

diagnosis. Unlike traditional imaging methods, fluorescence imaging utilizes lower 

excitation energy within the visible spectrum, making it a safer alternative. 

Additionally, it offers several significant advantages, including a safer optical regime, 

enhanced sensitivity and selectivity for molecular-level imaging, a higher signal-to-

noise ratio, multidimensional imaging capabilities, and seamless integration with 

conventional imaging techniques. 

1.10 Literature survey 

1.10.1 Review of CQD synthesis strategies: 

Semiconductor QDs have garnered significant attention over the past two decades 

due to their numerous applications in electronics, electrochemistry, biotechnology, 

sensors, and catalysis. While ZnS, ZnSe, CdS, CdSe, and silicon QDs have been 

extensively used as fluorescent probes for cell labeling, their cytotoxicity renders them 

unsuitable for in vivo biological applications [41]. 

Recently, CQDs have emerged as promising alternative fluorescent nanoprobes 

due to their availability, thermal stability, and relatively non-cytotoxic nature [42]. 

CQDs have demonstrated versatile applications, including bioimaging [43], catalysis 

[44], and the photoreduction of metals [45], owing to their high electron donor-acceptor 

ability. Additionally, CQDs have shown potential in biosensing [46], particularly due 

to their peroxidase-like activity [47]. 

CQDs or carbon nanoparticles (CNPs) can be synthesized through various 

techniques, including microwave irradiation of sucrose [48] or polyethylene glycol, 

combustion of carbon soot [49], activated carbon [50] or carbon xerogels [51] using 
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nitric acid, proton beam irradiation of nanodiamonds [52], solvothermal degradation of 

graphene oxide [53], and electrochemical oxidation of graphite [54]. 

One of the most intriguing features of CQDs is their PL properties, which exhibit 

excitation-dependent emission intensity [55], similar to that of semiconductor QDs. 

However, the origin of this fascinating property remains a subject of debate. It is 

speculated that quantum effects, emissive traps [56], and primarily the radiative 

recombination of excitons contribute to the PL characteristics of CQDs. 

Yang et al. [57] proposed that introducing different functional groups onto the 

surface of CQDs can create surface defects, potentially leading to PL properties. 

However, the exact mechanism underlying this phenomenon requires further 

clarification. Proper surface passivation is essential to enhance the PL intensity of 

carbon nanomaterials with inherently low QY. Various amine-terminated organic 

molecules have been employed to achieve this enhancement. 

Post-passivated CQDs exhibit a significant increase in PL intensity, often 

surpassing their original fluorescence levels. Sun and co-workers [58] demonstrated 

that doping CQDs with ZnO and ZnS, followed by surface passivation with PEG-

1500N, resulted in a substantial enhancement of PL intensity. Additionally, Baker et al. 

[59] reported a rapid single-step laser passivation method for CDs in organic solvents. 

More recently, Wang et al. [47] introduced a simple method for synthesizing 

fluorescent carbon nanoparticles from carbohydrates without surface passivation. Their 

study explored the enhancement of PL properties in CQDs through the influence of 

various cations and anions. While surface passivation remains the most effective 

technique for improving QY, the precise impact of metal ions and organic substances 

on PL intensity remains unclear in many cases. 

The introduction of divalent metal ions such as Sn²⁺, Cd²⁺, and Zn²⁺ effectively 

enhances PL intensity of carbonaceous nanodots synthesized from starch. Among these, 

Sn²⁺ exhibits the highest enhancement effect, while Cd²⁺ has the lowest. However, a 

particularly intriguing phenomenon was observed upon the addition of a small amount 

of Cu²⁺, which caused a drastic quenching of the PL. 
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Systematic fluorescence enhancement and quenching were also noted in the 

presence of organic solvents for all QDs synthesized from chitosan, alginic acid, and 

starch. Extensive studies on PL intensity variations with changes in pH and excitation 

wavelength have been conducted, leading to plausible speculations regarding the 

mechanisms behind fluorescence enhancement and quenching. 

The highest fluorescent metal-doped QDs were further utilized as bioimaging 

agents against Staphylococcus aureus as a model organism. The influence of anions 

and cations on PL properties was previously reported by Wang et al. [47], 

demonstrating that an increase in the valency of cations, anions, or both resulted in a 

gradual enhancement of PL intensity. Table 1.1 provides a summary of the precursors, 

synthesis routes, and applications of these CQDs. 

Table 1.1: Different synthesis routes with precursor and applications of CQDs 

Sr 

No. 

Precursors Synthesis route Application Ref. 

1. Graphite rods  Electrochemical 

method, hydrothermal 

treatment 

Water splitting [60] 

2. Graphite rods, NH3, 

and urea 

Electrochemical 

method, 

Hydrothermal 

treatment, Pyrolysis 

Water splitting [61] 

4. Graphite rods Electrochemical 

method 

Acid catalysis [62] 

7. Adenosine 

triphosphate 

Hydrothermal Fe3+ Sensing [63] 

8. Juju bees Hydrothermal Sensing [64] 

9. Sweet potatoes Hydrothermal Sensing [65] 

10. Jinhua bergamot Hydrothermal Sensing [66] 

11. N-Methyl 

pyrrolidone, 

Pyrolysis Bioimaging, 

electrocatalysts 

[67] 
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dimethyl-

imidazolidinone 

12. Diammonium 

hydrogen citrate, 

urea 

Solid state reaction Sensor, 

bioimaging, 

[68] 

13. Citric acid, 

diethylenetriamine, 

gadolinium chloride 

Hydrothermal Bioimaging [69] 

14. Hair Carbonization-

microwave 

Bioimaging [70] 

15. Gelatin 

 

Hydrothermal Bioimaging, 

fluorescent 

Ink 

[71] 

16. Citric acid, 

cysteamine 

Hydrothermal Composites, 

bioimaging 

[72] 

17. Alanine, 

ethylenediamine 

Hydrothermal Biosensing, 

bioimaging 

[73] 

18. Amino acids Electrochemical/electr

oanalytical 

Bioimaging [74] 

19. Orange juice Hydrothermal 

treatment at 120°C 

Bioimaging [75] 

20. Citric acid Hydrothermal Drug Delivery [76] 

21. Branched PEI, 

ammonium 

persulfate  

Hydrothermal Gene Delivery [77] 

22. Arginine and 

glucose 

Microwave-assisted 

pyrolysis 

Non-viral gene 

delivery 

[78] 
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The concept of doping in CQDs was first introduced in 2012, with nitrogen 

doping gaining prominence following the pioneering work of Zhu et al. [79]. In the 

same year, Li’s group [80] explored co-doping strategies, incorporating magnesium and 

nitrogen atoms. More recently, a strategy capable of doping up to three different atoms 

onto the pristine surface has been developed, significantly improving QY through the 

synergistic effect of the doped atoms [81]. 

In 2013, Anilkumar et al. [82] investigated the crosslinking of surface-

passivated CQDs to enhance their optical performance. Beyond improving QY, recent 

modifications have focused on developing synthetic strategies to obtain well-defined 

CQDs with high scalability and reproducibility. These experimental advancements in 

CQD research have been continuously supported by theoretical interpretations, 

particularly from density functional theory (DFT) and time-dependent DFT (TD-DFT) 

studies, which provide insights into doping, functionalization, and passivation 

processes [83]. 

1.10.2 Literature survey on surface functionalized CQDs-based bioimaging 

applications: 

Table 1.2 illustrates the various bioimaging applications utilizing functionalized 

CQDs. It includes details about the carbon source, the functionalizing agent used, and 

the specific imaging targets. 

Table 1.2: Bioimaging applications based on functionalized CQDs with a carbon 

source, functionalizing agent, and target of imaging. 

Sr. 

No 

Carbon Source Functionalization 

agent, Nanoprobe size 

Imaging 

probe        

Ref 

1. 
Glycerol and a silane 

molecule 

Nitrogen doping, ~6.1 

nm 

Fe3+ [84] 

2. 
(3-aminopropyl) 

triethoxysilane (APTES) 

3.5 ± 0.5 nm Mitochondria [85] 

3. 
p-phenylenediamine 4-formylbenzeneboronic 

acid, ∼1.73 nm 

Cell nucleus [86] 

4. 
Citric acid Polyethylene glycol, Cell nucleus [87] 

5. 
Citric acid N, N-dimethylaniline, 

2∼0.4 nm 

Lysosome [88] 
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6. 
Konjac flour magnetic mesoporous 

silica nanoparticles, 

Mitochondria [89] 

7. 
o-phenylenediamine (3-Carboxyprop-1-yl) 

(triphenyl) phosphonium 

bromide, 3–8 nm 

Peroxynitrite 

in 

mitochondria 

[90] 

8. 
2,4-dihydroxy 

benzaldehyde, 2,3-

dimethyl benzothiazole 

iodide 

--, 6.78 ± 0.3 nm RNA [91] 

9. 
m-phenylenediamine, 

1,2,3-propane tricarboxylic 

acid 

--, 4.34 ± 1.13 nm ClO− in cell 

nucleus 

[92] 

10. 
L-tryptophan, L-

phenylalanine 

DNA, 4.8 nm MFC-7, 

HepG 2 cells 

[93] 

11. 
lotus root Glutathione, 1−3.8 nm Human 

bladder 

cancer T24 

cells 

[94] 

12. 
CdSO4, C. sinensis plant 

leaves 

--, 2−5 nm A549 lung 

cancer cell 

[95] 

13. 
Sucrose, oil acid --, ∼1.84 nm 16 HBE cells [96] 

14. 
Polyolefin waste --, 1.5-3.5 nm MDA-MB 

468 cell 

[97] 

15. 
Citric acid-urea/neutral 

red-triethyl amine 

MnO2 nanosheet/MnO2 

nanoflower, ~5 nm 

Glutathione [98] 

16. 
2-azidoimidazole --, 5.0 nm Cysteine [99] 

17. 
Gram shells --, 3–5 nm Escherichia 

coli 

[100] 

18. 
Aconitic acid --, 1.6 nm Targeted 

imaging of 

folate 

receptor over 

expressed 

cancer cells 

[101] 

19. 
Tartaric acid, urea --, 3 nm Multicolor 

cell imaging 

[102] 

20. Folic acid 

 

Stearic acid-g-

polyethyleneimine, -- 

 

Triple 

Negative 

Breast 

Cancer 

     

[103] 
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1.10.3 Literature survey on surface functionalized CQDs-nucleic acid conjugation-

based bioimaging applications: 

Surface functionalization of CQDs plays a crucial role in their conjugation with 

nucleic acids and subsequent bioimaging applications. Functional groups such as amine 

(-NH₂), carboxyl (-COOH), and hydroxyl (-OH) are introduced onto CQD surfaces to 

facilitate covalent or non-covalent interactions with nucleic acids. Yan C et al. [104] 

developed amino-functionalized CQDs that were conjugated with DNA probes via 

carbodiimide chemistry for fluorescence imaging of specific mRNA sequences in live 

cells. Similarly, Fu Z et al. [105] reported carboxyl-functionalized CQDs conjugated 

with aptamers for selective imaging of cancer biomarkers. These studies demonstrated 

that functionalization enhances stability, target specificity, and biocompatibility. 

The ability of CQD-nucleic acid conjugates to selectively bind target 

biomolecules makes them highly effective for bioimaging applications. In fluorescence 

imaging, Prakash A et al. [106] synthesized nitrogen-doped CQDs conjugated with 

microRNA probes for fluorescence imaging of cancer cells, achieving high sensitivity 

and low background interference. Multiplexed imaging is another advantage, where 

surface-engineered CQDs with diverse functional groups enable the emission of 

different fluorescence wavelengths. Das et al. [107] introduced dual-emission CQDs 

conjugated with distinct nucleic acid sequences for the simultaneous detection of 

multiple intracellular targets, facilitating advanced disease diagnostics. Additionally, 

CQD-nucleic acid conjugates have been utilized for real-time live-cell imaging.  

The stability and non-toxicity of CQD-nucleic acid conjugates are crucial for in 

vivo applications. Researchers have developed passivation strategies using PEG and 

zwitterionic coatings to improve biocompatibility.  

Despite significant advancements, challenges such as photobleaching, potential 

cytotoxicity at higher concentrations, and limited in vivo penetration remain. Future 

research should focus on optimizing functionalization techniques to enhance target 

specificity and developing hybrid CQDs with superior optical properties for high-

resolution bioimaging. 

Nucleic acids, especially DNA, are one of the most stable classes of 

biomolecules. DNA is not only a carrier of genetic information but also a versatile 
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structural tool for the engineering and self-assembling of nanostructures. The natural 

selection of DNA as the hereditary material during evolution is due to its remarkable 

tolerance to chemical reactivity. DNA has several interesting characteristics, which are: 

(i) polyanionic nature, (ii) hybridizability, and (iii) persistence length. In this regard, 

the DNA template has dramatically enhanced the scalability, programmability, and 

functionality of the self-assembled DNA nanostructures. These capabilities provide 

opportunities for a wide range of biomedical applications in biosensing, bioimaging, 

drug delivery, and disease therapy. 

Deoxyribonucleic acid (DNA) is a biomolecule made up of nucleobases that are 

strung together in a sequence to form a chain of polynucleotides. There are four basic 

nucleobases in DNA, namely adenine (A), thymine (T), cytosine (C), and guanine (G). 

The number and sequence of these basic nucleobases in the polynucleotide chain 

determine the encoding information and structural function of the DNA. Based on the 

Watson-Crick pairing interactions, helical duplexes or more complex structures can be 

formed from the basic nucleobases. This pairing interaction allows for the easy holding 

together of multiple building units such as colloid nanoparticles. The binding mode of 

small molecules to the DNA double helical structure features three major modes of non-

covalent interactions, including electrostatic interactions, groove binding, and 

intercalation [108]. 

Calf thymus DNA (DNA from calf thymus) is high-quality double-stranded 

template DNA isolated from the thymus of male and female calves. Calf thymus DNA 

(Ct-DNA) is used for research into the interaction between DNA and other agents.  It 

is also used in the preparation of prehybridization and hybridization solutions and DNA 

polymerase assays. Ct-DNA is also used to study the binding parameters and binding 

specificity of proteins, nucleotides, and chemical reagents. It is frequently used in pull-

down assays and chromatographic procedures. There are many reports available on Ct-

DNA interaction with pesticides, insecticides, antiviral, and anticancer drugs [109-

112]. The Ct-DNA with nanoparticles such as silver [113], TiO2 [114], iron oxide [115], 

zinc oxide [116], selenium nanoparticles [117], and nickel oxide [118] were studied for 

binding interaction. The common binding patterns were seen as groove binding and 

intercalation.  
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Chun-Yan Liang et al. [119] reported the interaction binding mechanism of 

CQDs with Ct-DNA using ascorbic acid as a carbon precursor. UV-vis absorbance, 

fluorescence spectroscopy, circular dichroism spectroscopy, and electrochemical 

approaches were employed to study the binding mechanism between CQDs and Ct-

DNA. The binding mode observed between CQDs and Ct-DNA was intercalation. 

In another study, Yang et al. [120] synthesized CQDs with PEI and folic acid, 

which were used to deliver plasmids encoding the enhanced green fluorescent protein 

into HEK 293T cells. These CQDs can be applied in biological systems for the selective 

imaging of folate receptor-positive cancer cells, distinguishing them from normal cells. 

Pentaethylenehexamine CQDs (PCDs) synthesized by Wei Zhang et al. [121] 

showed lower cytotoxicity and high transfection efficiency at its plasmid composite in 

comparison to PEI (widely used gene delivery vector for transfection). 

Currently, there are no existing reports on the synthesis of poly L lysine (PLL) 

surface functionalized CQDs using the bottom-up pyrolysis method, based on the 

literature study conducted. So, we aim to prepare PLL surface functionalized CQDs 

nucleic acid conjugate for bioimaging applications.  

1.11 Orientation and purpose of the thesis: 

The thesis consists of six chapters. Chapter 1 provides a brief introduction to 

bioimaging and its necessity in medical diagnostics. It discusses the evolution of major 

bioimaging techniques from plain radiography to fluorescence imaging, commonly 

used nanoprobes for bioimaging along with their associated challenges, and the 

potential of CQDs as alternative nanoprobes. The advantages of CQDs over traditional 

nanoprobes, various synthetic routes for CQD preparation, and their limitations are 

comprehensively reviewed. Furthermore, this chapter delves into the synthesis of 

surface-functionalized CQDs and their bioimaging applications, including CQD-

nucleic acid conjugates. 

Chapter 2 focuses on the purification methods for CQDs and provides an in-

depth exploration of the working principles and theoretical background of various 

spectroscopic and microscopic techniques. The purification methods discussed in this 

chapter are crucial for obtaining CQDs of desirable size. A thorough understanding of 
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these techniques is crucial for precisely analyzing data and gaining valuable insights 

into the size, morphology, optical properties, and surface chemistry of CQDs. This 

chapter provides a detailed overview of CQD purification methods and characterization 

techniques. 

Chapter 3 explores the synthesis of surface-functionalized CQDs (PLLCQDs) 

through pyrolysis, utilizing glucose as a precursor. The influence of temperature, pH, 

and concentration is systematically examined to optimize PLLCQD synthesis. Various 

spectroscopic techniques, including UV-vis spectroscopy, fluorescence spectroscopy, 

Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and X-ray 

photoelectron spectroscopy (XPS), are employed to investigate the optical, structural, 

and surface chemical properties of the synthesized PLLCQDs. Additionally, 

microscopic techniques such as TEM and AFM are used to assess their size, shape, and 

morphology. This chapter presents a comprehensive study on the synthesis and 

characterization of PLLCQDs, emphasizing their imaging potential. 

Chapter 4 focuses on the conjugation of PLLCQDs with nucleic acids, 

highlighting the optimization of the conjugation process. Key parameters, including Ct-

DNA concentration, incubation time, and pH, are systematically adjusted and analyzed 

using various analytical techniques. The success of the conjugation is validated through 

a gel retardation assay and zeta potential measurements. Additionally, the chapter 

discusses the significance of Ct-DNA binding to PLLCQDs and its role in bioimaging 

applications. The attachment of Ct-DNA to PLLCQDs enhances imaging capabilities, 

enabling researchers to gain deeper insights into cellular functions. Overall, this chapter 

highlights optimization PLLCQD-Ct-DNA conjugate and underscores the potential of 

Ct-DNA conjugation for advanced bioimaging applications. 

Chapter 5 investigates the in-vitro bioimaging applications of surface-

functionalized PLLCQD-nucleic acid conjugates. It begins with a brief overview of the 

experimental setup for preparing and characterizing these conjugates, followed by a cell 

viability assay conducted on human embryonic kidney (HEK-293) cells. The in-vitro 

bioimaging study evaluates cell viability and DNA transfection using PLLCQDs alone, 

PLLCQD-nucleic acid conjugates, and DNA. The MTT assay is employed to assess 

cell viability, while confocal microscopy is used for in-vitro bioimaging analysis. 
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Chapter 6 provides a summary of the key findings and conclusions from each 

chapter, highlighting the importance of PLLCQDs and PLLCQD-Ct-DNA conjugates 

in bioimaging applications. These conjugates have shown significant potential as 

alternative tools for bioimaging techniques. The surface functionalization of PLLCQDs 

enhances their stability and compatibility with biological systems, while nucleic acid 

conjugation further broadens their application in targeted imaging and intracellular 

DNA delivery. The in-vitro bioimaging potential of these conjugates was assessed 

through cell viability assays and Ct-DNA uptake studies, confirming their 

biocompatibility and efficiency in imaging. Overall, this chapter underscores the crucial 

role of PLLCQD and PLLCQD-Ct-DNA conjugates as promising nanoprobes for 

advanced bioimaging applications. 
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2.1 Introduction: 

CQDs can be synthesized by various methods, as discussed earlier in Chapter I. 

They can be purified using a variety of techniques, depending on research objectives 

and requirements. The purification methods explained in detail include filtration, 

dialysis, solvent extraction, electrophoresis, and chromatography. 

Additionally, this chapter describes the working principles of various 

spectroscopic and microscopic techniques for better interpretation of the electronic, 

optical, and structural properties of CQDs. UV-Vis spectroscopy, fluorescence 

spectroscopy, FTIR, XPS, and XRD are employed for a detailed analysis of the 

chemical composition, functional groups, and surface states of fluorescent CQDs. The 

surface morphology and crystallinity are analyzed using HRTEM with selected area 

electron diffraction (SAED) and AFM techniques. 

2.2 Purification techniques: 

Purification techniques for CQDs play a crucial role in controlling their size 

distribution, which directly influences their optical and physicochemical properties. 

Several methods are employed to achieve size-selective purification, including dialysis, 

centrifugation, chromatography, filtration, solvent extraction, and gel electrophoresis 

(figure 2.1) [1]. 

 

Figure 2.1: Schematic representation of different techniques reported for the 

purification and separation of CQDs [1]. 
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The use of plant- or animal-based precursors introduces significant complexity 

due to their unknown chemical composition. During synthesis, fluorescent impurities 

may form, posing substantial challenges in analyzing the PL properties of CQDs. These 

impurities can alter or obscure the true optical characteristics of CQDs, leading to 

pronounced differences in fluorescence performance [2]. Bartolomei and Prato [3] 

emphasized the importance of purification and chemical characterization in identifying 

molecular fluorophores. Therefore, purification is essential for effectively separating 

CQDs from associated byproducts, ensuring accurate characterization and preventing 

errors caused by interference from these fluorophores. 

However, during the synthesis process of CQDs, various impurities and 

byproducts may form, potentially affecting their performance and limiting their 

applications. Therefore, the purification of CQDs is crucial to remove these impurities 

and ensure the consistency and reliability of their properties.  

2.2.1 Filtration:  

Filtration is a simple process used to purify products that contain nanoparticles 

of various sizes. The product is allowed to pass through a filter with fixed pore 

diameters. The larger particles that cannot pass through the pore are retained on the 

filter surface, while the smaller ones are collected as filtrate. This method is typically 

used as an initial purification step to separate insoluble or suspended particles or 

agglomerates in CQD samples after they have been manufactured.   

The filter's pore diameter should be optimized to prevent pore clogging, which 

tends to occur when the diameter ranges between 0.1-1 μm. Additionally, the 

concentrated sample must be diluted before filtration to avoid clogging. Previous 

reports on CQD purification suggest the use of filters with specific pore sizes or the use 

of syringe filters. 

In the subsequent chapter of the thesis, the synthesis procedure is detailed, 

particularly focusing on the post-synthesis steps, including filtration. Following the 

successful synthesis of CQDs, the resultant solution was subjected to filtration to ensure 

the removal of impurities and unreacted materials. This critical step was performed 

using a 0.22 μm syringe filter, which effectively separates any particulate matter or 

larger aggregates from the solution. The use of a syringe filter with such a fine pore 
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size ensures that the CQDs obtained are of high purity, uniform size, and suitable for 

subsequent characterization and applications. This meticulous filtration process plays a 

pivotal role in enhancing the quality and consistency of the CQDs. 

2.2.2 Dialysis:  

Dialysis is a widely used technique to purify CQDs by removing low molecular 

weight residual precursors and polymers. It works by allowing small fluorescent 

molecules to diffuse from an area of higher concentration to an area of lower 

concentration through a semipermeable membrane. This process is particularly 

effective for water-soluble CQD samples, which can be easily filtered and dialyzed. 

The process involves dissolving CQDs in water and dialyzing them through a semi-

permeable membrane to remove low molecular weight impurities while retaining high 

molecular weight species in the retentate. 

The composition of dialysate depends on various factors such as sample 

concentration, time, and bag molecular weight cutoff. To keep the dialysate diluted, it 

is necessary to regularly recharge the buffer solution with fresh deionized water to 

maintain the pH of the sample at an optimal level [4]. It is crucial to optimize the 

molecular weight cutoff of the dialysis membrane, the dialysis time, and the frequency 

of water replacement steps to achieve optimal purification results. While dialysis may 

not be effective in separating hydrophobic samples, it is often used as a purification 

procedure in research studies. Optimizing the dialysis membrane's molecular weight 

cutoff, water replacement steps, and dialysis time is crucial for optimal purification 

results. Although dialysis cannot separate hydrophobic samples, it is often used as a 

purification procedure in research studies [5]. 

In the following chapter of the thesis, CQDs were purified using dialysis with a 

3.5 kDa MWCO dialysis membrane. This process was undertaken to enhance purity by 

removing smaller impurities, including unreacted precursors, by-products, and low-

molecular-weight salts, which were not effectively eliminated during the filtration step. 

2.2.3 Electrophoresis:  

Electrophoresis relies on the movement of charged molecules in an electric field 

through a gel matrix, typically agarose or polyacrylamide. DNA is inherently negatively 

charged due to its phosphate backbone, and its mobility in the gel is influenced by its 
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size and charge. When DNA is conjugated to CQDs, the size, charge, or both are altered, 

leading to changes in the migration pattern during electrophoresis. 

The separation of CQD samples in gel electrophoresis (GE) is crucial and is 

achieved through various migration properties that arise from sieve effects caused by 

an electric field. In a recent study, Xu et al. [6] demonstrated the separation of CQDs 

while purifying single-walled carbon nanotubes derived from arc discharge soot, using 

polyacrylamide gel electrophoresis (PAGE). It is possible to determine the relationship 

between the color of luminous CDs and their mobility by using PAGE. However, the 

gel's pore size, which is around 3-5 nm, causes it to have low separation effectiveness. 

This limitation makes it difficult to separate CQDs with a broad size range. 

 Capillary Zone Electrophoresis (CZE) is a technique used to separate different 

components with varying electrophoretic mobilities through an electrolyte solution 

inside a fused silica capillary. The separation is based on the charge-to-size ratio of 

these components. Baker and Colón [7] utilized CZE along with a diode array detector 

to distinguish between different Cyclodextrins (CQDs) produced when soot from an oil 

lamp flame oxidized. Their research focused on understanding how the buffer 

composition affects the electrophoretic pattern of a combination of negatively charged 

CQDs. 

In the subsequent chapter, electrophoresis was employed to confirm the 

conjugation of CQDs with DNA. This analytical technique is widely used for assessing 

molecular interactions and is particularly effective for confirming the binding of 

biomolecules such as DNA to nanoparticles like CQDs. The results from 

electrophoresis provide visual and quantitative evidence of successful conjugation. 

2.3 Characterization Techniques 

2.3.1 Ultraviolet-Visible (UV-Vis) Spectroscopy:  

UV-Vis Spectroscopy is the simplest analytical technique used to measure the 

absorption of light by substance for the elementary study of optical and electronic 

properties. Generally, the wavelength range of 190 nm to 400 nm and 400 nm to 800 

nm are called ultraviolet range and visible light range respectively that are used for the 

analysis. Therefore, the absorption of ultraviolet light by the molecules causes the 

electrons to be promoted from the ground state to the excited state. The absorbed energy 
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is equal to the difference between higher and lower energy states. As a result, the 

molecules undergo various types of electronic transitions including σ–σ* (saturated C–

C), π–π* (unsaturated C=C), n– σ* (C–O or C–N or C–X) and n-π* (C=O). 

The UV-Vis spectroscopy system is composed of key components that facilitate 

the efficient operation of the UV-Vis spectrophotometer. The system directs 

electromagnetic radiation from a light source onto the sample under analysis. 

Depending on the setup, the light either passes through the sample or is reflected from 

its surface. The transmitted or reflected light is then collected and analyzed to generate 

the desired measurements. 

 

Figure 2.2: Schematic representation of working principle of UV-Vis Spectroscopy. 

In Figure 2.2, the UV-Vis spectroscopy working principle is depicted. Initially, 

light is focused on the monochromator through the entrance slit from the light source. 

The monochromator utilizes an optical grating as a dispersing element to separate the 

light according to its wavelength. The dispersed light is then directed towards a charged 

coupled device (CCD), which is composed of individual tiny detectors. Each detector 

measures the intensity of light at a specific wavelength. The CCD is connected to a 

computer, where the readings from each detector are recorded and analyzed. The result 

obtained is a spectrum, which displays the intensity of light at each wavelength. 

Spectrophotometers are capable of measuring electromagnetic radiation across a wide 

range, from ultraviolet to infrared. The spectrum obtained from the measurements 

shows the relationship between the intensity of light and its corresponding wavelength. 
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The principle of UV-Vis spectrum is based on Beer–Lambert’s law which states 

that the absorbance of a solution is directly proportional to the concentration of the 

absorbing species in the solution and the path length. The mathematical relationship 

between concentration and path length (or the length of the sample cell) is represented 

in equation 2.1 [8]. 

A = log10 (I0/I) = ε c l …………... (eq. 2.1) 

Where, A is the absorbance or optical density, I0 and I are the intensity of incident light 

and transmitted light, ε is a constant known as the molar absorptivity or extinction 

coefficient, c is the concentration of solution and l is the path length. 

This technique is widely used in qualitative and quantitative analysis, enabling 

the identification of compounds, determination of concentrations, and study of reaction 

kinetics. A linear relationship between absorbance and concentration allows for the 

accurate quantification of analytes, provided the system adheres to Beer–Lambert’s 

law. However, deviations may occur due to factors such as high analyte concentration, 

instrumental limitations, or chemical interactions. 

The UV–Vis spectra of the synthesized CQDs were recorded using an Agilent 

Cary 60 UV–Vis spectrophotometer (Instrument Version 2.00). For the measurements, 

3 mL of the sample was placed in a quartz cuvette. The absorbance spectrum was 

scanned over a wavelength range of 190 to 800 nm with a step size of 1 nm. 

2.3.2 Fluorescence Spectroscopy:  

Fluorescence spectroscopy is a simple, contactless, and non-destructive 

technique used to analyze the electronic structure of nanomaterials. It helps in 

understanding defect states, bandgaps, surface functional groups, fluorescence 

properties, and the recombination mechanisms of nanomaterials. 

When a substance absorbs a photon, electrons in the ground state become 

excited to a higher energy level, leaving behind a hole in the ground state. As these 

excited electrons return to the ground state through a radiative process, PL occurs. The 

energy of the emitted light corresponds to the difference in energy levels between the 

excited and ground states. 
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Figure 2.3: Schematic diagram of working principle of fluorescence spectroscopy. 

A schematic representation of fluorescence spectroscopy is shown in Figure 2.3. 

In this process, light of a specific wavelength passes through a monochromator and 

excites the sample, causing electron transitions. The emitted light, resulting from 

electron-hole recombination, then passes through another monochromator before 

reaching the detector [9]. 

In the subsequent chapters, fluorescence spectroscopy was utilized for the 

characterization of an aqueous solution of CQDs. The measurements were performed 

using an FP-8300 Spectrofluorometer from JASCO, equipped with a 70 W xenon lamp 

as the excitation source. The fluorescence spectra were recorded at various excitation 

wavelengths to analyze the optical properties of the CQDs. 

2.3.3 UV-Transilluminator:  

An ultra-violet (UV) transilluminator (Figure 2.4) is a standard piece of 

equipment used in life science laboratories for the visualization of target DNA and 

proteins. The key application for a UV transilluminator is for visualization of DNA and 

protein agarose and polyacrylamide gels after electrophoresis. Gels can be directly 

placed onto the UV transilluminator; wavelength will vary on your particular 

application. Also, the CQDs change color after contact with UV-transilluminator.  

The principle of a UV transilluminator is:  

1. The agarose gel is stained with a fluorescent dye that binds to nucleic acid. 

2. The stained gel is exposed to a UV light source, causing the dye to fluoresce. 

3. The DNA fluoresces and becomes visible. 
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Figure 2.4: UV-transilluminator instrument. 

At the time of electrophoresis, a fluorescent dye is used to stained agarose gel which 

binds with nucleic acids exposing the stained gel to a UVB light source which causes 

DNA segments to become visible and fluoresce. A UV transilluminator works 

by emitting high levels of UV radiation through a viewing surface. Depending on the 

type of sample, the UV transilluminator is operated in any of the three wavelength 

bands. 254, 312, and 365 nm are typical wavelengths. 312 nm are used for standard gel 

documentation in the gel doc system [10].  

A UV-Transilluminator was employed to visually detect synthesized CQDs and to 

analyze CQD, CQD-DNA conjugate processed using agarose gel electrophoresis. The 

instrument used was a Vilber Lourmat ECX-F20.M UV-Transilluminator with a power 

rating of 90 W, providing reliable visualization for the characterization and verification 

processes. 

2.3.4 Fourier Transform Infrared (FTIR) Spectroscopy:  

FTIR spectroscopy is the most common analytical technique used to study 

virtually any sample in any state like liquids, pastes, powders, films, and fibers. The 

most significant advance of infrared spectroscopy is the introduction of the Fourier 

transform phenomenon. It works as an interferometer and exploits the well-established 

scientific process of fourier transformation. The fourier transform has meaningfully 

improved the quality of the infrared spectrum and minimized the time required to obtain 

data.  
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The principle of FTIR spectroscopy is based on the vibration of the atom in the 

molecule by passing infrared radiation through the sample. Some of the infrared 

radiation is absorbed by the sample, and some other portion is passed through 

(transmitted) the sample. The resultant spectrum is obtained through the molecular 

absorption and transmittance processes that provide detailed information about the 

molecular structure, functional groups, and atom connectivity.  

In general, infrared spectroscopy deals with the interaction of the molecule with 

the IR radiation ranging between 4000 cm-1 and 400 cm-1. This region is further split 

into two possible regions, first the range of region between 4000 cm-1 to 1000 cm-1, 

this region is usually called the functional group's region, where the functional groups 

present within the molecules are identified. The region below 1000 cm⁻¹, known as the 

fingerprint region, is complex and challenging to assign every peak. However, it is 

highly useful for determining the molecular and compound structure. Each type of 

chemical bond produces a unique spectral fingerprint, ensuring that no two molecules 

generate identical IR spectra, which aids in identifying different functional groups in 

the sample. Figure 2.5 [11] presents a schematic illustration of the FTIR setup. 

 

Figure 2.5: Schematic representation of FTIR. 

 

FT-IR analysis was conducted for synthesized CQD samples using a 4600 

Type-A FT-IR spectrometer equipped with a diamond Attenuated Total Reflectance 

(ATR) accessory. The ATR technique was employed for the analysis, utilizing the CQD 

liquid solution as the sample. The spectral data were collected over a wavenumber 
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range of 600–4000 cm⁻¹, which effectively captures the characteristic vibrational modes 

of functional groups present in the CQDs. 

A total of 32 scans were averaged for each measurement to enhance the signal-

to-noise ratio and ensure reliable results. The resolution was set at 8 cm⁻¹, allowing for 

sufficient differentiation of closely spaced spectral features while maintaining a balance 

between resolution and measurement time. This setup enabled precise characterization 

of the surface functionalities and chemical composition of the CQDs. 

 

Figure 2.6: Diagram showing the working mechanism of XRD. 

2.3.5 X-Ray Diffraction (XRD) Spectroscopy:  

XRD is a non-destructive analytical technique mainly used for the phase 

identification of a crystalline material and gives information about unit cell dimensions. 

Also, we can find the size and internal stress of small crystalline regions. X-ray 

diffraction is depending on the crystalline structure of materials. 

The working principle of the XRD method involves the scattering of X-rays due 

to the revolution of electrons in the atom’s nucleus when the rays strike the 

nanoparticles. The scattered X-rays are reflected in various directions, which cause 

interference patterns. These patterns are either destructive or constructive (Fultz & 

Howe, 2013) but only the scattered X-rays that undergo constructive interaction result 

in diffraction. 

The monochromatic X-ray gives constructive interference and destructive 

interferences. Generally, X-rays are created from a cathode ray tube. The 
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monochromatic radiation of X-rays is produced by filtering off in X-rays. According to 

Bragg`s law, contractive interference is produced when the monochromatic radiation is 

illuminated on the sample surface. 

While the illumination of a monochromatic X-ray beam of wavelength (λ) 

strikes on the crystalline lattice plane with an angle, θ results in the successive planes 

(with distance ‘d’) are diffracted (Figure 2.6). Then the ‘d’ spacing value of the 

materials is analyzed by using Bragg’s equation 2.2 [12]. 

nλ = 2dsinθ …………… (eq. 2.2) 

Where n is an integer, λ is the wavelength of X-rays in angstroms, d is the 

interatomic spacing in angstroms and θ is the diffraction angle in degrees. The 

wavelength of the X-ray used for the analysis is 1.54 Å. This law relates the wavelength 

of electromagnetic radiation to the diffraction angle and the lattice spacing in a 

crystalline sample. By scanning the sample through a range of 2θ angles, all possible 

diffraction directions of the lattice should be identified due to the random orientation 

of the powdered material [12]. 

In the subsequent chapters, XRD analysis was employed to study the crystalline 

structure of the synthesized PLLCQDs. The analysis was performed using a Rigaku 

powder X-ray diffractometer (Miniflex 600, India), utilizing Al Kα radiation as the 

excitation source. 

To prepare the sample for XRD, a glass coverslip was coated layer by layer with 

the PLLCQD solution to ensure a uniform and sufficient sample thickness for accurate 

diffraction measurements. Once prepared, the coated sample was subjected to XRD 

analysis. This technique allowed for the identification of the crystalline or amorphous 

nature of the PLLCQDs and provided insights into their structural properties, which are 

critical for understanding their functionality in various applications. 

2.3.6 X-ray Photoelectron Spectroscopy (XPS):  

XPS also called electron spectroscopy for chemical analysis (ESCA) is a 

meaningful device to investigate the chemical composition, element state, chemical 

state, electronic state, binding energy, and heteroatom functionalized or doped on 

carbon-based quantum dots.  



 
  Purification and characterization techniques for carbon quantum dots                                            

Chapter II                                                                                                                    Page 60 
 

The basic principle of XPS is based on the photoelectric effect. Each atom has 

a core electron, and the ionization energy of a core electron is theoretically equal to the 

binding energy when an X-ray beam is illuminated on the sample surface. As a result, 

the core electron in the atom absorbs X-ray energy (if the energy of the photon (hʋ) is 

higher than the energy of the core electron). The core electron will be ejected from the 

atom and thrown out from the surface (kinetic energy EK) as shown in Figure 2.7 The 

binding energy of the core electron is related to the Einstein relationship. 

The kinetic energy of an ejected photoelectron is measured by the instrument 

and the binding energy of these emitted electrons can be determined using the following 

equation 2.3 [13]. 

Ebinding = Ephoton – (Ekinetic + φ) ………… (eq. 2.3) 

Where Ebinding is the binding energy of an electron in materials, Ephoton is the 

energy of the X-ray photons, Ekinetic is the kinetic energy of ejected electron from the 

surface of materials and φ is the work function and it is adjustable instrumental 

correction factor [13].  

 

Figure 2.7: Schematic representation of working principle of XPS. 

In the subsequent chapters, XPS was utilized for a detailed analysis of the 

elemental composition of the CQDs. The measurements were carried out using a K-

Alpha XPS system equipped with an 8025-BesTec dual anode XR3E2 X-ray source. 

This advanced analytical technique enabled the identification of the elements present 
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in the CQDs and their corresponding oxidation states. The information obtained 

provided critical insights into the surface chemistry and functional groups, aiding in the 

characterization of the CQDs and their potential applications in biomedical and other 

fields. 

2.3.7 Zeta Potential:  

Zeta potential (ζ) measurement is one of the essential techniques that indicate 

the stability of colloidal dispersion of the samples. Zeta potential is the potential 

difference between the dispersion medium and the stationary layer of dispersed 

particles. Zeta potential measurement is a simple technique to understand the surface 

nature and stability of nanoparticles or colloidal particles.  

When an electric field is applied to a nanoparticle-dispersed solution, particles 

move due to the interaction between the charged particle and the applied field. Under 

this condition when particles are illuminated with laser light, their scattered light and 

Particle velocity are then measured by observing the Doppler shift in electrophoretic 

light scattering. Particle mobility can be determined from measured particle velocity 

and known applied electric field. Thus, zeta potential can be calculated from particle 

mobility by using the Smoluchowski model equation 2.4 [14]. 

ζ = 𝑈𝜂 (𝑘𝑎 ) ……….  (eq. 2.4)  

Where ζ is the zeta potential, U is the electrical mobility, η is the viscosity of 

the solvent, ε is the dielectric constant of the solvent, and f(ka) is the Henry constant. 

A schematic diagram of the zeta potential measurement technique is shown in Figure 

2.8 [14].  

 

Figure 2.8: Working principle of Zetasizer. 
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The zeta potential of the CQDs was measured using a Malvern Zetasizer 

nanosystem (Litesizer 500). This instrument is specifically designed to assess the 

surface charge of nanoparticles dispersed in a liquid medium. Zeta potential is a critical 

parameter that indicates the stability of colloidal systems; it reflects the electrostatic 

potential at the slipping plane of particles. 

2.3.8 High Resolution-Transmission Electron Microscopy (HRTEM): 

TEM is a microscopy technique to understand the morphology and 

crystallography details (crystal structure, crystal phase, crystal defect) of ultrathin 

substances. In this technique, an image is formed after the interaction of the beam 

electron with the ultrathin specimen. The image is then magnified and focuses on the 

imagining device. The specimen is taken as less than 100 nm thickness pellet or 

specimen coated Cu-grid. TEM has greater resolving power compared to the light 

microscope because the de-Broglie wavelength of an electron is smaller than visible 

light. 

 The principle of HRTEM is similar to that of the optical microscope, but the 

source of HRTEM is the electron gun instead of light because the wavelength of an 

electron is much smaller than that of light. Principally, the electron beam is produced 

from the electron gun consisting of tungsten filament and passing through a thin copper 

grid specimen which contains the material to be analyzed. In this process, the electrons 

are diffracted, and the diffracted electrons travel through the high vacuum column to 

avoid the collision with air molecules which hinder the electron travel. The diffracted 

electrons are focused on the electromagnetic condenser lenses along with the column. 

Finally, the electron beams are passed through the specimen and diffracted based on 

the internal structure (Figure 2.9). 

The HRTEM technique is used for the two-dimensional projection of crystals 

with defects. The HRTEM provides a high-resolution image at an atomic level because 

of the use of both transmitted and diffracted electrons which create the interference 

image, that is the phase contrast images which can be as small as the unit cell of a 

crystal. Therefore, all the electrons emerging from the specimen are combined at the 

point on the image plane. The phase-contrast images are formed by removing the 

objective aperture entirely or by using a large objective aperture. The phase contrast 

ensures that not only the transmitted beam but also the diffracted ones are allowed to 
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contribute to the image. The selected area electron diffraction pattern was also obtained 

by this method using SAED aperture and removal of objective aperture. It is formed by 

back focal planes derived by adjusting the objective lens [15]. 

 

Figure 2.9: Diagram showing the principle of the formation of image and diffraction 

pattern in HRTEM. 

The morphology and size of the synthesized CQDs were investigated using a 

FEI TECNAI G2-20 TWIN HR-TEM. For sample preparation, a 5 μL drop of the CQD 

solution, typically in water, was carefully placed on carbon-coated copper grids. These 

grids were then dried using a heating lamp to evaporate the excess solvent. This 

preparation method allowed for a detailed analysis of the CQDs at the nanoscale, 

providing valuable insights into their size, shape, and surface characteristics. 

2.3.9 Atomic Force Microscopy (AFM):  

AFM is indeed a form of scanning probe microscopy that has been shown to 

have an exceptional resolution on the order of fractions of a nanometer. It is fascinating 

to know that this resolution is more than 1000 times better than the optical diffraction 

limit. The atomic force microscope is widely used in materials science and has found 

many applications in biological sciences but has been limited in use in vision science. 

 AFM microscopes operate on the principle of surface sensing using an 

extremely sharp tip on a micromachined silicon probe. This tip is used to image a 

sample by raster scanning across the surface line by line, although the method varies 
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dramatically between distinct operating modes. AFM operation can be described in 

terms of three main modes: contact mode, tapping mode, and non-contact mode. 

AFM operates in different modes based on the interaction between the probe tip 

and the sample surface. In contact mode (or static mode), the AFM probe tip remains 

in continuous contact with the sample surface while a constant force is applied. The 

deflection of the cantilever is monitored to generate a topographic image. This mode 

offers high lateral force sensitivity but may cause wear on both the tip and the surface. 

In tapping mode (also known as intermittent contact, AC mode, or vibrating mode), 

the AFM probe tip oscillates near its resonant frequency and intermittently touches the 

sample surface. The oscillation amplitude is measured to create a topographic image. 

Compared to contact mode, tapping mode minimizes damage to both the sample and 

the probe tip. In non-contact mode (or frequency modulation AFM), the probe tip 

oscillates above the sample without making direct contact. The interaction is dominated 

by van der Waals forces, and changes in oscillation frequency due to variations in tip-

sample distance are used to construct the image. Non-contact mode is highly sensitive 

and preserves the sample's integrity but requires precise control for stability and 

accurate imaging. A constant-height image is created when the values of the frequency 

obtained by scanning the sample surface along the x-y direction are plotted against the 

x-y coordinates of each measurement point. In this type of image, the height of the 

sample is not regulated in the z-direction, allowing for variations in concavity and 

convexity to be reflected in the distance between the tip-apex and the sample. These 

variations cause a frequency shift, which is captured and represented in the constant-

height image. 

Alternatively, to maintain a constant deflection force (df), the probe can be 

moved up and down in the z-direction using negative feedback (z-feedback loop) while 

the sample surface is scanned in the x-y direction. This process allows for the creation 

of a topographic image, where the amounts of negative feedback (probe movement in 

z-direction) are plotted against the x-y coordinates of each measurement point. 

Essentially, the topographic image shows the path traced by the probe tip while 

maintaining a constant df, and can also be thought of as a plot of a constant-height 

surface of the df. The operation of the AFM is illustrated in Figure 2.10 [16]. 
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Figure 2.10: Schematic presentation of AFM. 

The topographic image obtained from an AFM is influenced by the interaction 

between the probe and the sample, specifically the bond order. This means that the 

image may not perfectly represent the true surface morphology. The topographic image 

obtained from an AFM is generally considered to reflect the geographical shape of the 

surface more accurately. This is because AFM measures mechanical interactions 

between the probe and the sample. 

The surface topography and size of the synthesized CQDs were analyzed using 

AFM with the Park Systems AFM-NX 10. A small drop of CQD solution, dissolved in 

sterile distilled water, was placed on UV-treated PLL-coated glass slides using the drop-

casting technique. The slides were then allowed to air dry, resulting in a surface-

functionalized CQD coating. The dried samples were evaluated in true noncontact 

mode at a scanning rate of 0.5 Hz, enabling detailed analysis of the CQDs surface 

features and size at the nanoscale. 

2.3.10 Confocal Microscopy:  

Confocal microscopy is an advanced optical imaging method using a pinhole to 

eliminate out-of-focus light, thereby enhancing micrograph contrast and resolution. 

Confocal microscopy covers two primary variants: Laser Scanning Confocal 

Microscopy (LSCM) and Spinning Disk Confocal Microscopy. Despite both systems 

offering optical sectioning capabilities, they rely on distinct underlying technologies.         
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Laser scanning confocal microscopes utilize a focused laser beam scanned 

across the sample to achieve imaging while spinning disk confocal microscopes employ 

a rapidly rotating disk with microlenses to generate multiple focused beams 

simultaneously. Both systems fulfill diverse experimental needs and preferences, each 

offering unique advantages in terms of imaging speed, resolution, and sample 

compatibility. The technique employs a laser to stimulate fluorescence from 

fluorophores marking distinct areas of a sample. By employing a pinhole or confocal 

aperture, light emitted from off target planes is filtered out, enabling precise 

visualization of the specimen's desired focal plane.  

Modern confocal microscopes retain the core components of the original design, 

including pinholes, objective lenses, and low-noise detectors. However, they also 

incorporate advanced features such as fast-scanning mirrors, wavelength-selective 

filters, and laser illumination systems. While traditional gas lasers like argon and 

helium-neon remain in use, there is a growing preference for diode lasers, fiber lasers, 

and solid-state lasers due to their enhanced stability, uniformity, reduced heat 

production, and a broader range of visible wavelengths. Detectors, primarily highly 

sensitive photomultipliers (PMTs), continue to be crucial components owing to their 

ability to amplify signals over a photoelectric device, maximizing the light budget and 

ensuring efficient light rejection characteristics of confocal microscopy (Figure 2.11). 

 

Figure 2.11: Schematic presentation of confocal microscopy. 
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Confocal microscopy operates on the fundamental principle of aligning both the 

illumination and detection optics to converge at the same diffraction-limited point. This 

focal point is systematically traversed across the sample to construct a comprehensive 

image on the detector. By precisely coordinating the optical components, the technique 

enables detailed imaging and analysis of the sample's microstructures with exceptional 

clarity and resolution. The sample is scanned by a laser beam to generate the image, 

which is then digitally recorded and stored as a computer file. This digital file preserves 

the intricate details captured during the scanning process, facilitating further analysis 

and manipulation of the specimen's characteristics. 

Confocal microscopy offers the capability to capture high-resolution images 

from a thin slice of a thick sample with minimal background noise and limited out-of-

focus interference. This optical sectioning technique finds widespread application in 

biomedical sciences and materials science alike. Practically, the process involves 

placing the sample on the microscope stage, capturing an image at the top focal plane, 

and sequentially adjusting the stage or objective to acquire images at subsequent focal 

planes. This iterative process results in a volumetric image or "z-stack," providing 

comprehensive 3D spatial information about the sample. Analysis of such data, 

especially when collected under sub-saturation conditions, enables quantification of 

parameters like volume, localization, and surface area, facilitating detailed 

characterization and measurement of sample structures [17]. 

In the subsequent chapters, confocal microscopy was employed for bioimaging 

studies using the Leica TCS SP5 confocal microscope. This advanced imaging 

technique allowed for high-resolution, three-dimensional visualization of the CQDs in 

biological systems. The Leica TCS SP5 instrument uses a laser scanning system to 

capture images by detecting fluorescence emitted from the CQDs after excitation, 

enabling precise imaging of cellular structures or tissue samples labeled with the CQDs. 

The confocal nature of the system ensures optical sectioning, providing clear images 

without interference from out-of-focus light, and allowing for the examination of 

CQDs' distribution, uptake, and behavior in complex biological environments. This 

technique is particularly valuable for studying the biocompatibility and potential 

applications of CQDs in medical or biological research. 
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3.1 Introduction: 

CQDs are an emerging class of nanomaterials characterized by their ultrafine 

sizes (below 10 nm) and discrete, quasi-spherical nanoparticle structures [1-3]. They 

were first discovered in 2004 during the purification of single-walled carbon nanotubes, 

where luminous carbon nanoparticles were observed. Initially referred to as "carbon 

nanoparticles," they were officially termed "carbon quantum dots" in 2006 when Sun 

et al. [4] introduced a method for synthesizing CQDs through simple surface 

passivation and chemical modification to enhance fluorescence emission [4]. 

Since then, CQDs have gained significant attention due to their unique structure 

and remarkable properties, making them highly versatile in various fields. As one of 

the newest carbon allotropes, CQDs exhibit several outstanding attributes, including 

low cytotoxicity [5], excellent biocompatibility [6], stable chemical inertness [7], 

efficient light-harvesting capabilities [7], and exceptional photo-induced electron 

transfer properties [8]. These features make them promising candidates for applications 

in biosensors [9-11], bioimaging [11-12], optoelectronic devices [13], and solar cells 

[14]. 

CQDs can be synthesized using a variety of preparatory routes, which are 

broadly classified into "top-down" and "bottom-up" strategies [15, 16]. Key synthesis 

techniques include chemical or laser ablation, electrochemical digestion, microwave-

assisted synthesis, and solvothermal or hydrothermal methods. However, several 

challenges arise during CQD synthesis. Issues related to constrained pyrolysis, 

electrochemical synthesis, and post-treatment processes—such as centrifugation, gel 

electrophoresis, and dialysis—can be mitigated by optimizing reaction conditions. 

Parameters such as temperature, reaction time, and precursor selection significantly 

impact CQD characteristics, including size, fluorescence properties, water solubility, 

and cytotoxicity [17]. 

This chapter provides a detailed overview of the synthesis of surface-

functionalized carbon quantum dots (PLLCQDs) and their characterization using 

various analytical techniques, including UV-Vis spectroscopy, fluorescence 

spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR), transmission electron microscopy 

(TEM), and atomic force microscopy (AFM). Additionally, the synthesized PLLCQDs 
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were successfully utilized in fluorescent ink formulations, demonstrating their practical 

applicability. 

3.2 Experimental Details 

3.2.1 Materials: 

Anhydrous glucose (catalog no. 50-99-7, Himedia, Mumbai, India), poly L-

lysine (catalog no. P8920, Sigma-Aldrich, USA), potassium dihydrogen phosphate 

(KH₂PO₄, catalog no. GRM 249, Himedia, Mumbai, India), sodium hydroxide (NaOH, 

catalog no. PCT 1325, Himedia, Mumbai, India), potassium chloride (KCl, catalog no. 

GRM 698, Himedia, Mumbai, India), and hydrochloric acid (HCl, catalog no. AS004, 

Himedia, Mumbai, India) were purchased in analytical grade and used without further 

purification. Additionally, a 0.22 μm syringe filter (catalog no. SLGVR33RS, Sigma 

Merck, Germany) and a 3.5 kDa dialysis membrane (catalog no. D9527, Sigma Merck, 

Germany) were used in the experiments. 

3.2.2 Optimization of parameters for synthesis of PLLCQDs: 

3.3.2.1 Effect of temperature:  

The optimization of PLLCQDs formation involved experimenting with 

different temperatures while keeping the concentrations of glucose and PLL constant, 

along with various response times. The fluorescent intensity changes were measured 

using a JASCO spectrofluorometer. Temperatures ranging from 80 to 200°C were 

tested to assess their effect on the fluorescence intensity of the synthesized PLLCQDs. 

3.3.2.2 Effect of reaction Time:  

Different time intervals were employed to observe the impact of reaction 

duration on the synthesis of PLLCQDs. The temperature, glucose, PLL concentrations, 

and other relevant variables were maintained constant throughout this investigation. 

PLLCQDs were synthesized at intervals of 5, 7, 10, 15, and 20 minutes, and their 

fluorescence intensity was subsequently measured. 

3.3.2.3 Effect of PLL concentration:  

In the investigation, various concentrations of PLL ranging from 0.02% to 0.1% 

(w/v) were used. The temperature and reaction time were kept constant throughout the 
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trials. The aim was to study how different PLL concentrations affected the synthesis 

process. Fluorescence intensities were measured and plotted against PLL quantity 

to establish a link between PLL concentration and fluorescence quantity 

3.2.3 Synthesis of PLL functionalized CQDs: 

The CQDs were prepared using the one-pot synthesis method. Firstly, 3 g of 

anhydrous glucose powder was added to a glass beaker, which was then placed on a hot 

plate for 10 minutes to reach a temperature of 100°C. As a result, the powder underwent 

a color change and turned into a brown residue. Subsequently, the residue was allowed 

to cool down to room temperature. The resultant residue was further processed by 

adding 5 mL of sterile distilled water and mixing it for 10 minutes at 500 rpm using a 

magnetic stirrer. The synthesized solution was mixed with 500 µL of 0.1 % poly L 

lysine to functionalize the CQDs. The beaker containing the solution was placed on a 

magnetic stirrer at a temperature of 27°C and a constant stirring speed of 500 rpm for 

1 hour. Finally, the synthesized PLLCQDs were purified. 

3.2.4 Purification of PLLCQDs:  

0The prepared PLLCQDs were purified by centrifugation at 8000 rpm for 15 

min. The collected supernatant was filtered with a 0.22 μM syringe filter. The obtained 

solution was further dialyzed with a 3.5 kDA dialysis membrane (details explained in 

chapter II). The formed PLLCQDs were stored at 4°C for additional use. 

3.2.5 Quantum Yield Calculation:  

The quantum yield (QY) of PLLCQDs was measured to calculate their 

fluorescence efficiency. The standard comparison approach was used in the current 

investigation to determine the QY [18]. As a standard reference material, the well-

known, highly fluorescent quinine sulphate was employed. The absorbance was 

controlled below 0.10 using an aqueous solution of PLLCQDs and quinine sulphate 

(QS) (QY = 0.54, refractive index = 1.33) in 0.1 M H2SO4. The absorbance and 

fluorescence of the specific solutions were measured, by using the formula the QY of 

PLLCQDs (eq. 3.1) [18]. 

QYPLLCQDs = QYQS × (
IPLLCQDs

IQS
×

AQS

APLLCQDs
×

ηPLLCQDs
2

ηQS
2 )    ….. (eq. 3.1)  
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Where, ‘I’ is the integrated fluorescence intensity, whereas ‘A’ is the maximum 

absorbance as well as ‘η’ is the refractive index of QS and PLLCQDs, respectively. 

3.2.6 Characterizations:  

To confirm the synthesis of PLLCQDs, spectroscopic and microscopic 

techniques were used. For the spectroscopic study, the equipment used are UV-Vis 

spectroscopy (Agilent Cary 60 UV–vis spectrophotometer Instrument Version 2.00), 

Fluorescence spectroscopy (FP-8300 Spectrofluorometer from JASCO), Fourier 

Transform Infrared Spectroscopy (Alpha (II) Bruker unit), X-ray Diffraction 

Spectroscopy (Rigaku 600 miniflex), and X-ray Photoelectron Spectroscopy ((K- 

Alpha XPS, 8025-BesTec twin anode XR3E2 X-ray source system). For microscopic 

characterization of PLLCQDs Transmission Electron Microscopy (FEI TECNAI G2-

20 TWIN) and Atomic Force Microscopy (park systems AFMNX 10) were used. 

3.2.7 Effect of pH and UV radiation on PL intensity: 

To study the luminescence and chemical stability of PLLCQDs, the effects of 

pH and UV radiation were investigated. KH2PO4 and NaOH were used to make the 

basic pH buffer solutions, potassium chloride and hydrochloric acid were used to make 

the acidic pH buffer solutions. The pH stability of PLLCQDs was investigated at 2, 4, 

6, 8, 10, and 12 pH values. Similarly, the PLLCQDs were subjected to UV light for 

baseline measurement 0–120 minutes to evaluate their effect on fluorescence intensity 

[19].  

3.2.8 Preparation of fluorescent ink: 

 The prepared PLLCQDs were loaded into fountain pens and text was written on 

Whatman filter paper. The photographs were taken under daylight and UV light (365 

nm), respectively. 

3.3 Results and Discussion 

3.3.1 Optimization of parameters for synthesis of PLLCQDs: 

 Optimization parameters were chosen for CQD synthesis to ensure the 

production of high-quality CQDs with consistent and application-specific properties. 

Optimizing parameters such as temperature, reaction time, and PLL concentration help 
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to achieve uniform particle size and desired morphology, which are crucial for 

consistent optical and electronic properties. 

A specific temperature range is chosen to optimize the synthesis parameters of 

CQDs because temperature plays a crucial role in controlling the carbonization process, 

particle size, crystallinity, and functionalization. The fluorescence intensity and 

quantum yield of CQDs are highly time-dependent. The selected range allows the 

reaction to proceed to a point where the optical properties, such as photoluminescence, 

are maximized without degradation. 

PLL contributes to the functionalization of CQD surfaces with amino groups. 

The chosen concentration range ensures optimal surface coverage, enhancing solubility 

and reactivity. The lower and upper limits for temperature (80–200 °C), time (5–20 

min), and PLL concentration (0.02–0.1 % w/v) were selected to design the experiments. 

The main effects of temperature, reaction time, and PLL concentration, as well 

as their influence on PL intensity, were graphically presented in Figure 3.1 (a–c). The 

major effect of each variable was determined by varying its value from the low level to 

the high level while keeping the other two variables at their central levels. Figure 3.1 

(a) shows the variation in PL with change in temperature. It was observed that the PL 

gradually increases with rising temperature. At 200 °C, the PL is significantly higher 

compared to lower temperatures (80, 100, 120, and 150 °C). 

 

Figure 3.1: PL spectra of PLLCQDs (a) Reaction temperature, (b) Reaction time, and 

(c) PLL concentration. 

The increase in PL with temperature is attributed to improved carbonization, the 

creation of emissive center, and reduced non-radiative losses. Wavelength shifts are 
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primarily due to quantum confinement effects, changes in the bandgap, and alterations 

in surface chemistry. However, prolonged reaction times can lead to over-

carbonization, aggregation, or loss of surface functionality, ultimately causing a 

decrease in PL.  

According to Figure 3.1 (b), the optimal reaction time for synthesis is 5 minutes. 

Along with that, PLL concentration was examined to functionalize CQDs. The various 

concentration of PLL was added to the CQD solution. Figure 3.1 (c) depicts the 

intensity of the fluorescence as it rises with falling concentration. The optimum 

concentration for the synthesis is 0.02% w/v PLL. The optimization of PLLCQDs 

synthesis was confirmed at 200°C temperature with 5 min reaction time and 0.02% PLL 

solution with high PL. The PL increases and the wavelength shifts at 0.02% PLL 

because this concentration balances surface passivation and quantum confinement 

effects. 

Changing the synthesis parameters may lead to an increased yield of CQDs, 

thereby enhancing the overall PL intensity. Variations in synthesis conditions can result 

in the formation of different species of CQDs with distinct surface functional groups 

and sizes. These variations can influence the electronic structure and optical properties 

of CQDs, leading to changes in PL behavior. 

3.3.2 Synthesis of PLLCQDs:  

In the typical procedure, PLLCQDs were synthesized from glucose powder 

using a bottom-up approach, with PLL serving as a functionalizing agent. PLLCQDs 

were obtained after heating at 200 °C for 5 minutes with a PLL concentration of 0.02%. 

The resulting PLLCQDs exhibited good water solubility and strong luminescence 

properties. To confirm the successful surface functionalization of PLLCQDs, definitive 

physicochemical analyses, including UV-Vis spectroscopy and fluorescence 

spectroscopy, were conducted. 

3.3.2.1 Ultraviolet-Visible spectroscopy:  

UV-Visible spectroscopy was used to assess the optical properties of 

PLLCQDs. The absorbance was measured in the range of 200–800 nm. Under visible 

light, the samples appeared pale yellow, while under UV light, they emitted a blue 

fluorescence. Figure 3.2(a) displays the UV-Vis spectrum of PLLCQDs. Two 



 
Synthesis and characterization of surface functionalized carbon quantum dots     

 Chapter III                                                                                                                            Page 79 
 

prominent peaks are observed in the UV-Vis absorption spectrum at approximately 

226.7 nm and 281 nm, which may be attributed to the C=O and C=C transitions 

corresponding to n-π* and π-π* transitions, respectively [23]. 

3.3.2.2 Fluorescence Spectroscopy:  

The PLLCQDs exhibit intense emission peaks at 471 nm when excited at 370 

nm and exhibit excitation wavelength-dependent photoluminescence spectra (Figure 

3.2 b). Under UV excitation, the color of the aqueous solution changes from yellow to 

blue as evident from naked eye observation [inset, Figure 3.2 a]. According to Figure 

3.2 (c), the photoluminescence peak moves from 380 nm to 420 nm when the excitation 

wavelength is increased from 300 to 420 nm. The excitation-dependent behavior was 

found in PLLCQDs. It is attributed to multiple effects, such as the quantum confinement 

effect, surface traps, or reorganization of the solvent's polarization, and is therefore still 

under debate. According to our findings, the excitation dependence behavior is 

explained from a straightforward down-shifting perspective. 

 For broad emission spectra, color tunability is invariably achieved by down-

conversion of excitations within the excitation spectrum, whether they are caused by 

surface traps or the quantum confinement effect of size-dispersed sp2 regions. The size 

effect is a result of a quantum confinement event, whereas the surface state is 

comparable to a molecular state. Both of these phenomena add to the complexity of the 

excited states of PLLCQDs [24]. 

 

Figure 3.2: (a) UV–Vis Spectroscopy, (b) Emission and Excitation spectra, and (c) 

Emission spectra captured in 20 nm increment in excitation wavelength of PLLCQDs. 
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3.3.2.3 Quantum Yield (QY) Measurement:  

QY, which measure particles ability to emit absorbed electromagnetic energy 

as photons, is commonly defined as the ratio of photons emitted to photons absorbed 

through fluorescence. Fluorescence QY is a crucial physical property of a substance 

under specific conditions. 

Quinine sulfate produces blue fluorescence when dissolved in 0.1 M sulfuric 

acid, with an excitation wavelength of 360 nm and an emission wavelength of 485 nm. 

Therefore, quinine sulfate is commonly used as a standard reference for QY 

measurement. By applying the formula outlined in Equation 3.1 and using quinine 

sulfate in 0.1 M H₂SO₄ (QY = 0.54) as the reference solution, the QY of PLLCQDs was 

calculated. The fluorescence QY of PLLCQDs in an aqueous solution was determined 

to be 19.35% at an emission wavelength of 471 nm, as illustrated in Figure 3.2(a). 

3.3.2.4 Mechanism behind PLLCQDs formation: 

The mechanism of PLLCQD formation is proposed based on the precursors 

used and their interactions during the reaction. It is inferred that the generation of 

radicals and carbonization at elevated temperatures leads to the formation of 

PLLCQDs. The overall process can be divided into three main steps, as illustrated in 

Figure 3.3.  

When the temperature reaches 200 °C, glucose undergoes thermal 

decomposition, melting and breaking its O-H, C-H, C-O, and C-C chemical bonds. This 

leads to the formation of reactive radicals and small carbonaceous fragments. The high 

temperature facilitates carbonization, which plays a crucial role in forming the carbon 

core of CQDs.  

In the presence of PLL, the reactive species self-assemble and undergo cross-

linking, forming intermediate structures. PLL actively participates in surface 

passivation and functionalization, introducing amino functional groups that enhance 

solubility and fluorescence properties. The interaction between the carbonized core and 

PLL results in the stabilization of the CQDs. 

In the final stage, free radicals interact with PLL, leading to further 

polymerization and surface modification. The formation of polymer-like PLLCQDs 



 
Synthesis and characterization of surface functionalized carbon quantum dots     

 Chapter III                                                                                                                            Page 81 
 

occurs through chemical linkages between PLL and the carbon core, ensuring enhanced 

optical properties and stability. 

The proposed mechanism is grounded in the chemical behavior of glucose and 

PLL under thermal conditions, coupled with the experimental evidence of CQD 

formation. The generation of radicals and subsequent carbonization provide a rational 

explanation for the formation of PLLCQDs with desired structural and functional 

properties. 

 

Figure 3.3: Schematic representation of mechanism for formation of PLLCQDs. 

3.3.2.5 Fourier Transform Infrared Spectroscopy (FT-IR):  

According to Figure 3.4, the broad transmittance at 3292 cm⁻¹ is attributed to 

the vibrational stretching of the O-H bond. The peak at 2927 cm⁻¹ corresponds to C-H 

stretching vibrations, typically associated with methyl groups. The characteristic 

transmittance at 1640 cm⁻¹ is attributed to the stretching of the C=O bond. Additionally, 

functional amine groups exhibit strong stretching vibrations, with a transmittance peak 

observed at 1025 cm⁻¹. These findings indicate that numerous carbonyl and hydroxyl 

groups play a significant role in functionalization of574 surface of PLLCQDs [17]. 
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Figure 3.4: FT-IR spectrum of PLLCQDs. 

3.3.2.6 X-ray Diffraction Spectroscopy (XRD):  

The PLLCQDs XRD pattern displays a large peak with a central angle of 23° 

that is indicative of amorphous carbon distributed in an extremely chaotic manner. 

More oxygen-containing functional groups are present, according to the PLLCQDs 

weak crystalline structure [26]. In Figure 3.5, the XRD spectrum is displayed. 

  

Figure 3.5: XRD Spectrum of PLLCQDs. 
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3.3.2.7 X-ray Photoelectron Spectroscopy (XPS):  

The elemental composition and surface characteristics of the resulting 

PLLCQDs were further analyzed using XPS. According to the XPS spectra of 

PLLCQDs, three distinct peaks at 285 eV, 398 eV, and 531 eV correspond to the 

presence of carbon (C), nitrogen (N), and oxygen (O), respectively (Figure 3.6 a). 

The high-resolution C 1s spectrum (Figure 3.6 b) reveals three deconvoluted 

peaks at 284.8 eV, 286.3 eV, and 287.4 eV, which correspond to C=C, C=O, and COOH 

functional groups, respectively [27]. The deconvolution of the O 1s spectrum yielded a 

peak at 531.3 eV (Figure 3.6 c), confirming the presence of oxygen-containing 

functional groups. 

In Figure 3.6 d, the N 1s spectrum is deconvoluted into three peaks at 396.6 eV, 

400.6 eV, and 401.3 eV, which correspond to pyridinic nitrogen (N), pyrrolic nitrogen 

(N), and amino nitrogen (N), respectively. These results confirm the successful 

incorporation of nitrogen and oxygen functional groups, contributing to the surface 

chemistry and enhanced properties of PLLCQDs. 

  

Figure 3.6: XPS spectra of PLLCQDs: (a) Survey spectrum, (b) C 1s spectrum, (c) O 

1s spectrum, and (d) N 1s spectrum. 
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3.3.2.8 High-Resolution Transmission Electron Microscopy (HR-TEM):  

The morphology of PLLCQDs was analyzed using high-resolution transmission 

electron microscopy (HR-TEM). The high-magnification TEM image of the 

synthesized PLLCQDs (Figure 3.7a) confirms the presence of well-dispersed, 

approximately spherical nanodots. The corresponding size distribution histogram 

(Figure 3.7b) indicates that the average particle size of PLLCQDs is approximately 3 

nm [28]. 

 

Figure 3.7: (a) HR-TEM image (magnification 80KX), and (b) Particle size histogram 

for PLLCQDs. 

3.3.2.9 Atomic Force Microscopy:  

  The size and surface roughness of  PLLCQDs were analyzed using atomic force 

microscopy (AFM). Figure 3.8 presents the AFM topographical images of PLLCQDs, 

providing insights into their morphological characteristics and surface texture. AFM 

images confirmed that PLLCQDs are small in size and oval in shape. The analysis 

reveals that PLLCQDs have an average diameter ranging from 2 to 4 nm, with a surface 

roughness of less than 2 nm. However, the roughness histogram of PLLCQDs indicates 

an average roughness of 4.77 nm. 
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Figure 3.8: Atomic Force Microscopy (a) 2D image, (b) Line histogram of particle 

size, and (c) line graph for PLLCQDs. 

Figure 3.8 (a) presents AFM image, while Figure 3.8 (b) displays the PLLCQD 

histogram, demonstrating a particle size distribution between 2 and 4 nm and a surface 

roughness of approximately 3 nm. Additionally, Figure 3.8 (c) shows a line profile of 

PLLCQDs, with the corresponding 2D AFM image depicted in Figure 3.8 (a). 

3.3.3 Effect of pH and UV Radiation on PL Intensity:  

The pH of the synthesized PLLCQDs caused a little difference in PL; as shown 

in figure 3.9 (a), the high intensity was attained at pH values of 4 and 8. No alteration 

in the PL intensity of PLLCQDs was seen in response to the continuous UV exposure 

(Figure 3.9 b). These findings imply that PLLCQD has high photo and chemical 

stability and is appropriate for a wide range of applications. 
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Figure 3.9: Relative PL of PLLCQD influenced by (a) pH and (b) exposure time to 

UV light. 

3.3.4 PLLCQD as fluorescent ink application: 

 The PLLCQDs are suitable for use as invisible ink because of their high 

fluorescence intensity and photostability. The PLLCQD solution can be used as ink and 

placed in a regular pen. Anything written with this pen on paper is invisible under 

normal light but becomes visible under UV light, as demonstrated in Figure 3.10. This 

invisible ink is ideal for writing confidential material for confidential purposes and also 

holds commercial potential in printing technology. The fluorescent ink pen is user-

friendly, cost-effective, and refillable for commercial applications [29]. 

 

Figure 3.10: (a) Text written on a filter paper with PLLCQD ink is invisible in 

daylight and (b) glows under UV light (365 nm excitation). 
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3.5 Conclusions:  

This chapter concludes that the one-step bottom-up technique successfully 

synthesized PLL-functionalized CQDs. The formation of PLLCQDs was confirmed 

through various physicochemical analyses, including UV-Vis spectroscopy, 

fluorescence spectroscopy, FT-IR, XRD, XPS, TEM, and AFM. 

The optical properties of PLLCQDs were characterized using UV-Vis and 

fluorescence spectroscopy. The UV-Vis spectrum exhibited peaks at 226.7 nm and 282 

nm, corresponding to n-π* and π-π* transitions, respectively. Additionally, PLLCQDs 

demonstrated excitation-dependent fluorescence behavior. 

The FT-IR spectrum revealed characteristic peaks at 3292 cm⁻¹, 2927 cm⁻¹, 

1640 cm⁻¹, and 1025 cm⁻¹, corresponding to O-H, C-H, C=O, and N-H functional 

groups, respectively. The quantum yield (QY) of PLLCQDs was determined to be 

19.35%. XRD and XPS analyses confirmed the graphitic nature of the PLLCQDs and 

their elemental composition, including C, N, and O. 

The size of PLLCQDs was analyzed using HR-TEM and AFM, revealing that 

the synthesized nanodots ranged from 2 to 3 nm in diameter. Furthermore, PLLCQDs 

were successfully utilized as refillable fluorescent ink for writing applications. Their 

high luminescence makes them suitable for use in confidential writing applications. 
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4.1 Introduction:  

Nucleic acids are biopolymers, macromolecules that play essential roles in all 

known forms of life. A major function of nucleic acids involves the storage and 

expression of genomic information. They are composed of nucleotides, which are 

the monomer components: a 5-carbon sugar, a phosphate group, and a nitrogenous 

base. The two main classes of nucleic acids are deoxyribonucleic acid (DNA) 

and ribonucleic acid (RNA). If the sugar is ribose, the polymer is RNA; if the sugar 

is deoxyribose, a version of ribose, the polymer is DNA.  

Nucleic acid probes are more flexible and stable when employed in certain ways 

than other macromolecules like proteins. That is, a broad platform for the development 

of novel molecular recognition tools is provided by the simplicity with which DNA 

base alteration and DNA strands can be handled, in conjunction with varied 

nanomaterial modification methodologies. The widespread use of DNA and 

nanomaterial conjugates in spectroscopy, electrochemistry, magnetics [1], and other [2] 

domains serve as an example of this. The binding of DNA with different metal-ligand 

complexes utilizing fluorescent probes has been reported in several publications [3-5]. 

Huge interest has been shown in the interaction between biological molecules and 

carbon nanomaterials, where the former may offer a flexible nanoscale interface for 

biomolecular identification. 

The conjugation of biological molecules with carbon nanomaterials has 

garnered significant interest, as the former could offer a flexible nanoscale interface for 

biomolecular identification. There is less information available regarding DNA 

interaction experiments involving carbon-based materials. Furthermore, the precise 

mechanism underlying this type of interaction has not been discussed. By using 

spectroscopic techniques, Kathiravan and his colleagues [6], reported the photoinduced 

interaction between colloidal TiO2 nanoparticles and Ct-DNA and investigated the 

binding sites and constant. The interaction of CQDs with single-stranded DNA 

(ssDNA) and double-stranded DNA (dsDNA) has received sufficient attention recently. 

Research has demonstrated that these two interact with CQDs in different ways, 

resulting in remarkable fluorescence behavior [7-9]. For instance, to identify a 

particular DNA strand, Loo et al. [8] have developed a sensing platform that has used 

fluorescently labeled ssDNA probes (FAML probes) and CQDs. 

https://en.wikipedia.org/wiki/Nucleotide
https://en.wikipedia.org/wiki/Monomer
https://en.wikipedia.org/wiki/Pentose
https://en.wikipedia.org/wiki/Phosphate_group
https://en.wikipedia.org/wiki/Nitrogenous_base
https://en.wikipedia.org/wiki/Nitrogenous_base
https://en.wikipedia.org/wiki/Deoxyribonucleic_acid
https://en.wikipedia.org/wiki/Ribonucleic_acid
https://en.wikipedia.org/wiki/Sugar
https://en.wikipedia.org/wiki/Ribose
https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Deoxyribose


 Optimization parameters for nucleic acid binding on surface functionalized carbon 
quantum dots                                      

 Chapter IV                                                                                                                    Page 94 
 

Three main non-covalent interaction modes, namely electrostatic interactions, 

groove binding, and intercalation, are involved in the binding mode of small molecules 

to the DNA double helix structure. It is anticipated that positively charged CQDs will 

interact strongly with negatively charged nucleic acids through electrostatic 

interactions because of their phosphate backbone [10]. There are instances where the 

contact is so powerful that it may alter DNA structure.  

In this chapter, the binding of Ct-DNA and PLL functionalized carbon quantum 

dots (PLLCQDs) have been studied and a bottom-up synthetic route was selected. The 

effect of Ct-DNA conjugation on the structural stability of polymer surface 

functionalized CQDs, as well as on the interaction between PLLCQDs and Ct-DNA 

was the main aim of this research. The effect of different parameters on the preparation 

of PLLCQD-Ct-DNA conjugate was investigated. Also, experiments were done to 

investigate the effect of Ct-DNA concentration, incubation time, and pH on the 

preparation of PLLCQD-Ct-DNA conjugate. According to the results obtained, the 

conjugate formed shows an increase in absorbance and fluorescence concerning only 

PLLCQDs and Ct-DNA. Spectral method, fluorescence analysis, and electrophoretic 

mobility shift assay were employed to investigate conjugation between PLLCQDs and 

Ct-DNA.  

4.2 Experimental Details 

4.2.1 Materials:  

Anhydrous glucose (catalog no. 50-99-7, Himedia, Mumbai, India), PLL 

(catalog no. P8920, Sigma-Aldrich, USA), sodium hydroxide (NaOH, catalog no. PCT 

1325, Himedia, Mumbai, India), and hydrochloric acid (HCl, catalog no. AS004, 

Himedia, Mumbai, India) were purchased in analytical grade and used without further 

purification. Calf thymus DNA freeze dried powder was purchased from Sigma-

Aldrich, USA (catalog no. D8515). Phosphate-buffered saline (PBS, catalog no. 4417, 

Sigma-Aldrich, USA) was procured, and as per the manufacturer's instructions, 

dissolving one tablet in 200 mL of deionized water yields a 0.01 M phosphate buffer. 

Additionally, 0.0027 M potassium chloride (KCl, catalog no. GRM 698, Himedia, 

Mumbai, India) and 0.137 M sodium chloride (NaCl, catalog no. MB023, Himedia, 
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Mumbai, India) were purchased. All reagents used in this study were of analytical grade 

and were utilized without further purification. 

4.2.2 Calf thymus DNA analysis:  

Freeze dried powder of Ct-DNA was used to prepare 1 mL solution of Ct-DNA 

(1 mg/mL) by ethanol precipitation and 3.0 M sodium acetate (90:10, v/v), followed by 

cooling with dry ice.  

The relative purity and precise concentration of Ct-DNA was determined using 

UV absorbance measurements. The absorbance was taken at 260 nm and 280 nm. The 

actual concentration of the Ct-DNA solution was calculated using equation 4.1. 

CCtDNA = 
(50×(

𝐴260

𝐴280
)×𝐷𝐶𝑡𝐷𝑁𝐴)

1.8
   ………… (eq. 4.1) 

where the absorbance at 260 nm and 280 nm, respectively, is represented by the values 

A260 and A280, and Ct-DNA is the dilution factor of Ct-DNA sample. Before being used, 

these samples were further diluted to 20 µg/mL using 10% (w/v) phosphate buffer 

saline (PBS, 0.014 M NaCl, 0.001 M phosphate, pH 7.4). The concentrations 

recommended in the experimental protocols were used to prepare serial dilutions. 

4.2.3 Preparation of PLLCQD-Ct-DNA conjugate:  

The PLLCQDs were synthesized by pyrolysis method using glucose and PLL 

detail described in Chapter III. PLLCQD-Ct-DNA conjugate were prepared by 

incubating different concentrations of DNA at 27°C for a time interval. For this study, 

115 mg/ml PLLCQDs were incubated with 0.01 µM calf thymus DNA (Ct-DNA) 

continuously stirring for 30 min at room temperature. The conjugate formation was 

confirmed by a change in the UV-Vis absorption intensity. PLLCQD-Ct-DNA 

conjugate was successfully synthesized by varying reaction parameters including Ct-

DNA concentration, pH, and incubation time in the ranges of 10 µg/mL- 1 mg/mL, pH 

2-10, and 0-50 min, respectively. The prepared PLLCQD-Ct-DNA conjugate were 

characterized by UV-Vis absorption spectra (200-800 nm), and fluorescence spectra, 

zeta potential and electrophoretic mobility shift assay (EMSA). The synthesized 

PLLCQD-Ct-DNA conjugate was stored at 4ºC for further use.  
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4.2.4 Characterization of PLLCQD-Ct-DNA conjugate:  

The PLLCQD-Ct-DNA conjugate optimization was evaluated by UV-Vis 

spectroscopy and fluorescence spectroscopy. The PLLCQD-Ct-DNA conjugate was 

confirmed by zeta potential and electrophoretic mobility shift assay.  

4.2.4.1 Electrophoretic mobility shift assay (EMSA):  

The formation of the PLLCQD-Ct-DNA conjugate was investigated by 

measuring the electrophoretic mobility of the complexes. PLLCQD-Ct-DNA conjugate 

solutions were prepared at different weight ratios (1:1, 10:1, 20:1, 40:1, and 100:1). 

Agarose gels (2%) were prepared in Tris-Acetate-EDTA (TAE) buffer containing 1 

μg/mL ethidium bromide (EtBr). Each sample (10 µL) was mixed with 2 µL of loading 

buffer (0.1% sodium dodecyl sulfate, 5% glycerol, and 0.005% bromophenol blue) and 

loaded onto a 1% agarose gel prepared in TAE buffer (pH 8.0) containing 0.1 mg/mL 

EtBr. Electrophoresis was carried out at 80 V for 40 minutes. After the run, the power 

supply was turned off, and the gel was carefully removed from the gel box. The gel was 

then imaged using a UV transilluminator (Gel Doc 2000, BIO-RAD Laboratories) at a 

wavelength of 365 nm [33]. 

4.3 Results and Discussion: 

4.3.1 Ct-DNA purity check:  

The purity of Ct-DNA for 10-100 µg/mL concentration was checked by taking 

A260/A280 ratio and observing peak at 260 nm as shown in Figure 4.1 (a) and (b). Pure 

DNA had maximum absorbance at 260 nm. Pure DNA has a 260/280 ratio of 1.8 

whereas, good quality DNA is considered to obtain a ratio of 1.7-2.0. Figure 4.1 (a) and 

(b) shows that 10-100 µg/mL concentration of Ct-DNA did not show an absorbance at 

260 nm whereas concentrations from 10-100 µg/mL and 1mg/mL shows a peak at 260 

nm representing the purity of Ct-DNA.    
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Figure 4.1: (a) Purity check of Ct-DNA comparison to blank (distilled water) and (b) 

purity check of various concentrations of Ct-DNA from 10-100 µg/mL and 1mg/mL 

by taking the absorbance spectra at 220-340 nm and observing the peak at 260 nm. 

4.3.2 Optimization of synthesized PLLCQD-Ct-DNA conjugate:  

The preparation of PLLCQDs via a simple pyrolysis method and their 

interaction with Ct-DNA were demonstrated. In this study, PLLCQDs and Ct-DNA 

were used for the conjugate formation. To accomplish this, the impact of Ct-DNA 

concentration, incubation time, and pH on the synthesis of PLLCQD-Ct-DNA 

conjugates was thoroughly investigated. 

4.3.2.1 Effect of Ct-DNA concentration on the synthesis of PLLCQD-Ct-DNA 

conjugate: 

The surface functionalized PLLCQDs were incubated with various 

concentrations of Ct-DNA and fixed concentration of PLLCQDs at 25°C to check the 

effect of Ct-DNA concentration on preparation. The Ct-DNA concentrations were used 

as 10-100 µg/mL. Figure 4.2 (a) shows the change in absorbance at different Ct-DNA 

concentrations. The conjugate was formed at 20 µg/mL Ct-DNA concentration. The 

actual Ct-DNA concentration was confirmed by conducting the experiment in triplicate 

(Figure 4.2 b). 

The change in absorbance shows conjugate formation compared to only Ct-

DNA and PLLCQDs. The Ct-DNA and PLLCQDs show peaks at 260 and 283 nm, 

respectively. The conjugate formed is confirmed with redshift effect. After conjugate 

formation, the peak shifts and absorbance of conjugate increases. The change in 
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absorption indicates an increase in the size of the conjugate. The observed increase in 

absorption can be attributed to structural and electronic modifications linked to the 

growth or aggregation of PLLCQD-Ct-DNA conjugate. Larger conjugate exhibit 

extended π-conjugation, where electrons delocalize across the molecule. This 

delocalization shifts the absorption spectrum towards longer wavelengths (redshift) and 

increases the intensity of absorption, as evidenced by a higher molar extinction 

coefficient. Additionally, PLLCQD-Ct-DNA conjugate may contain more 

chromophores, or light-absorbing groups, which collectively enhance light absorption. 

In CQDs, larger particle size reduces quantum confinement effect, altering electronic 

energy levels and leading to broader and more intense absorption spectra. Furthermore, 

the growth or aggregation of PLLCQD-Ct-DNA conjugate results in electronic 

interactions that create new absorption features or enhance existing ones through 

collective electron oscillations, such as plasmonic or excitonic effects. 

 

Figure 4.2: (a) UV-Vis absorbance spectra showing effect of Ct-DNA concentrations 

(10-100 µg/mL) on PLLCQD-Ct-DNA conjugate, (b) Change in absorbance of 

PLLCQD-Ct-DNA conjugate at different concentrations of Ct-DNA (10-100 µg/mL), 

and (c) Change in fluorescence intensity of PLLCQD-Ct-DNA conjugate at different 

concentrations of Ct-DNA (10-100 µg/mL). 

Fluorescence intensity was checked to confirm the binding of Ct-DNA to 

PLLCQDs. The fluorescence intensity increases at 20 µg/mL Ct-DNA concentration 

(Figure 4.2 c). As per the results, 20 µg/mL Ct-DNA concentration gives a high peak 

of absorbance and high intensity among other Ct-DNA concentrations and is sufficient 

for conjugate formation. 
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4.3.2.2 Effect of incubation time on the synthesis of PLLCQD-Ct-DNA conjugate: 

The formation of the PLLCQD-Ct-DNA conjugate depends on the interactions 

between Ct-DNA and CQDs, which can be influenced by incubation time. The effect 

of incubation time on conjugate formation is illustrated in figure 4.3. This effect was 

analyzed by monitoring changes in absorbance (Figure 4.3 a) and performing the 

measurements in triplicate (Figure 4.3 b). 

 

Figure 4.3: (a) UV-Vis absorbance spectra of PLLCQD-Ct-DNA conjugate at different 

time intervals, (b) Change in absorbance of PLLCQD-Ct-DNA conjugate at different 

incubation times (0-60 min), and (c) Change in fluorescence intensity of PLLCQD-Ct-

DNA conjugate at different incubation time (0-60 min). 

When PLLCQDs are incubated with Ct-DNA, it was observed that no conjugate 

formation was observed. After 10 minutes, the absorption intensity began to increases. 

At the 30-minute, the absorption intensity reaches its maximum, likely due to 

electrostatic interactions between Ct-DNA and PLLCQDs. Beyond 30 minutes, the 

absorption intensity declines. 

To further validate conjugation, fluorescence spectra were analyzed. The 

fluorescence intensity of the conjugate increased at a reaction time of 30 minutes 

(Figure 4.3 c). These findings suggest that an incubation time of 30 minutes is optimal 

for PLLCQD-Ct-DNA conjugate formation. 
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4.3.2.3 Effect of pH on the synthesis of PLLCQD-Ct-DNA conjugate:  

The synthesis of PLLCQD-Ct-DNA conjugate and its stabilization depend 

significantly on the reaction pH. This study investigated the effect of pH on the 

PLLCQD-Ct-DNA conjugate within the range of 2–10 using HCl and NaOH. As shown 

in figure 4.4 (a, b) no peak is observed at acidic pH. At pH 8 conjugate shows maximum 

absorption intensity compared to PLLCQDs and Ct-DNA. Further increase in pH 

results in a lower absorption intensity compared to pH 8. Likewise, the fluorescence 

spectra show an increase in the intensity of conjugate at pH 8 (Figure 4.4 c). Thus, from 

this study, it is observed that pH 8 was optimum for synthesizing PLLCQD-Ct-DNA 

conjugate. 

 

Figure 4.4: (a) UV-Vis absorbance spectra of PLLCQD-Ct-DNA conjugate at different 

pH (2-10), (b) Change in absorbance of PLLCQD-Ct-DNA conjugate at different pH 

(2-10), and (c) Change in fluorescence intensity of PLLCQD-Ct-DNA conjugate at 

different pH (2-10). 

4.3.3 Characterization of PLLCQD-Ct-DNA conjugate: 

4.3.3.1 UV-Vis Spectroscopy:  

The formation of the PLLCQD-Ct-DNA conjugate was confirmed by observing 

changes in the absorption peak. The hyperchromic and hypochromic effects, primarily 

caused by alterations in the double-helical structure of DNA, play a key role in 

conjugate formation. Hyperchromism occurs due to the disruption of the DNA duplex 

secondary structure, while hypochromism results from the stabilization of the DNA 

duplex through electrostatic interactions with small molecules or intercalation binding 

mechanisms [11]. 
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The conjugate is formed through electrostatic interactions between negatively 

charged Ct-DNA and positively charged PLLCQDs. In this study, a fixed concentration 

of PLLCQDs was used, with varying concentrations of Ct-DNA. Changes in the UV-

Vis absorption spectra were recorded. A rise in the absorption spectra indicates an 

increase in the size of the PLLCQD-Ct-DNA conjugate. 

Figure 4.5 presents the UV-Vis spectra, demonstrating the successful formation 

of the PLLCQD-Ct-DNA conjugate under optimized conditions: a Ct-DNA 

concentration of 20 µg/mL, an incubation time of 30 minutes, and a pH of 8. 

 Based on the absorbance spectra shown in Figure 4.5, the observed red shift 

(shift toward longer wavelengths) when comparing PLLCQD, PLLCQD-Ct-DNA 

conjugate, and Ct-DNA samples can be explained by several factors. 

 

Figure 4.5: UV-Vis absorption spectra of PLLCQD-Ct-DNA conjugate showing a 

red shift in comparison to PLLCQD and Ct-DNA absorption peak. 

Firstly, the PLLCQD-Ct-DNA conjugate exhibits a red shift compared to Ct-

DNA alone due to increased conjugation upon PLLCQD binding to Ct-DNA. This 

interaction lowers the energy gap between electronic states, leading to absorption at 

longer wavelengths. Secondly, the interaction between PLLCQD and Ct-DNA may 

alter solvent interactions, stabilizing either the ground or excited states differently, 

which contributes to the red shift. Thirdly, the presence of PLLCQD may influence 

electron distribution in Ct-DNA. Specific substituents in PLLCQD can donate or 

withdraw electrons, modifying the energy levels of Ct-DNA and resulting in a red shift.  
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Lastly, the binding of PLLCQD to Ct-DNA can induce structural changes, such 

as alterations in planarity or bond lengths, further contributing to the red shift in the 

absorption spectra. In summary, the red shift observed in the PLLCQD-Ct-DNA 

conjugate, compared to Ct-DNA alone, is likely due to increased conjugation, solvent 

effects, electronic interactions, and structural modifications induced by PLLCQD 

binding. 

4.3.3.2 Fluorescence Spectroscopy: 

Fluorescence spectroscopy is a widely used method for examining the 

interaction between nanoparticles and Ct-DNA. A gradual increase in fluorescence 

intensity is observed with the increasing Ct-DNA concentration while maintaining a 

constant PLLCQD concentration. A detailed analysis of Figure 4.6 suggests that at 

excitation wavelength of 375 nm, a characteristic fluorescence signal of the PLLCQD-

Ct-DNA conjugate appears at 463 nm. The addition of Ct-DNA to the PLLCQD-Ct-

DNA conjugate further enhanced its fluorescence intensity [12]. 

 

Figure 4.6: Fluorescence spectra of PLLCQD-Ct-DNA conjugate in comparison to 

PLLCQD and Ct-DNA at 375 nm excitation wavelength. 

4.3.3.3 Zeta Potential:  

Zeta potential analysis is used to evaluate the surface charge of nanoparticles, 

which indicates their stability. The PLLCQD-Ct-DNA conjugate was characterized 
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using zeta potential measurements, as shown in Figure 4.7, which presents the zeta 

potential values of PLLCQD, Ct-DNA, and the PLLCQD-Ct-DNA conjugate. 

The formation of the PLLCQD-Ct-DNA conjugate was confirmed by 

comparing its zeta potential to that of PLLCQD and Ct-DNA alone. Ct-DNA exhibits 

a negative charge with a zeta potential of -23.16 mV, while PLLCQD shows a positive 

charge with a zeta potential of +18.03 mV. The PLLCQD-Ct-DNA conjugate displays 

a zeta potential of +8.27 mV, indicating successful binding via electrostatic interactions 

as shown in figure 4.7. 

 

Figure 4.7: Zeta potentials (a) PLLCQD, (b) Ct-DNA, and (c) PLLCQD-Ct-DNA 

conjugate. 

4.3.3.4 Electrophoretic mobility shift assay (EMSA):  

To investigate the potential of PLLCQD and PLLCQD-Ct-DNA conjugate as 

an efficient transfection carrier by confirming the formation of PLLCQD-Ct-DNA 

conjugate which is a precondition for efficient cellular uptake, electrophoretic mobility 

shift assay was conducted. Electrophoretic mobility shift assay is referred to as band 

shift assay, gel shift assay, or gel mobility shift assay. This study was conducted by 

varying weight ratios of CQDs. The Ct-DNA migration gradually decreases with an 

increase in weight ratios (PLLCQDs: Ct-DNA), and at ratio equal to or greater than 

40:1 (lane 6 and 7), there no DNA migration is observed (Figure. 4.8). A bright band 

that indicates the location of the DNA. The pure PLLCQDs shows a reversed 
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electrophoretic mobility (lane 8), which verifies the positive surface charge on the 

CQDs.  

 

Figure 4.8: Electrophoretic mobility shift assay of conjugate. DNA ladder (lane 1), 20 

µg/ml Ct-DNA (lane 2), Ct-DNA was kept constant in lanes 3-7=20 µg/ml at different 

PLLCQD 1, 10, 20, 40, 100 weight ratio. Lane 8 is only PLLCQDs.  

The point of electroneutrality shows complete condensation of Ct-DNA by 

PLLCQDs resulting in the electroneutral complex. The Ct-DNA compaction by the 

PLLCQDs has a strong influence on electrophoretic mobility within the gel. As shown 

in Figure 4.8, PLLCQD-Ct-DNA conjugate band has been completely retarded and 

100% binding at the lowest ratio (lane 6).  

4.4 Conclusions:  

This chapter concludes with the successful synthesis of the PLLCQD-Ct-DNA 

conjugate through parameter optimization. Standard Ct-DNA was used for conjugate 

preparation, with key optimization factors including Ct-DNA concentration, incubation 

time, and pH. The optimal conditions for conjugate formation were determined to be 

20 µg/mL Ct-DNA concentration, 30 minutes of incubation, and pH 8. The change in 

absorbance confirmed the successful formation of the PLLCQD-Ct-DNA conjugate, 
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which was driven by electrostatic interactions between the negatively charged Ct-DNA 

and positively charged PLLCQDs. 

The PLLCQD-Ct-DNA conjugate was further characterized using UV-Vis 

spectroscopy, fluorescence spectroscopy, and zeta potential analysis. The fluorescence 

intensity of the conjugate was significantly enhanced compared to bare PLLCQDs and 

Ct-DNA, confirming conjugate formation. A change in zeta potential also validated the 

successful conjugation, with the final conjugate exhibiting a zeta potential of +8.27 mV. 

Additionally, an electrophoretic mobility shift assay was conducted to assess the 

electroneutrality of the PLLCQD-Ct-DNA conjugate. The conjugate displayed reduced 

mobility during electrophoresis at a 100:1 PLLCQD:Ct-DNA ratio, likely due to the 

interaction between PLLCQDs and Ct-DNA. 

In conclusion, the study demonstrates that negatively charged Ct-DNA and 

positively charged PLLCQDs successfully form a conjugate through electrostatic 

interactions. This PLLCQD-Ct-DNA conjugate was subsequently utilized for 

transfection studies. 
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5.1 Introduction: 

CQDs offer several advantages over other semiconductor nanoparticles and 

organic dyes, including exceptional optical stability, minimal cytotoxicity, strong 

chemical inertness, high fluorescence, and excellent biocompatibility [1-6]. In 

particular, CQDs are of great interest in optical imaging, a routine method for 

investigating complex structures in organisms in real time, due to their unique 

biocompatibility, excellent resolution, and long-term detection capabilities [7-9]. 

Cell imaging plays a crucial role in drug development and discovery processes. 

Live-cell fluorescence imaging enables selective staining of various cell types and cells 

at different stages of differentiation, revealing intricate details about cellular 

mechanisms and functions [10]. 

Intracellular imaging involves introducing external materials into living cells to 

visualize intracellular processes. This technique allows researchers to image and detect 

molecules within cells, including RNA, DNA, metal ions, metabolites, proteins, and 

nanoparticles. Intracellular imaging is valuable for advancing bioimaging, detecting 

intracellular biomolecules, and monitoring cellular levels, locations, and cell-to-cell 

variations [11]. 

Several chemical families fall under the category of non-protein organic 

fluorophores, including cyanine derivatives, squaraine derivatives, and xanthene 

derivatives (such as fluorescein and rhodamine). Most organic fluorophores, including 

fluorescein, Alexa Fluor, and BODIPYs, are commercially available and have found 

extensive applications in various fields of life sciences. Due to their low molecular 

weight and compact size, organic fluorophores are easily absorbed into cells, making 

them a popular choice for a wide range of in vitro and in vivo cell research [12]. 

However, these small organic compounds have inherent disadvantages that 

severely restrict their applications in situations requiring exceptional PL properties. 

Most organic fluorophores have a narrow absorption spectrum, limiting their use to a 

specific range of light types. Additionally, their lack of a clear, symmetric emission 

peak can lead to signal overlaps, restricting their effectiveness in multicolor imaging. 
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Furthermore, the inherently modest Stokes shift of organic fluorophores can 

result in scattered light interference and unwanted excitation, significantly reducing 

sensitivity. Long-term imaging studies are also challenging because most organic 

fluorophores suffer from photobleaching and unstable PL behavior due to 

environmental changes. In addition to these PL-related limitations, organic 

fluorophores often exhibit poor solubility in biological media, further hindering their 

applications [13]. 

To address emerging imaging challenges, there is a continuous need to develop 

novel imaging methodologies and enhance the performance of existing diagnostic 

assays. The use of nanoparticles has the potential to elevate in vitro diagnostics to a 

new level of performance. 

5.2 Experimental details: 

5.2.1 Materials:  

Dulbecco’s Modified Eagle’s Medium (DMEM; catalog no. A294A, Himedia, 

Mumbai, India), fetal bovine serum (FBS; catalog no. A5669401, ThermoFisher 

Scientific, USA), and 0.25% trypsin-EDTA (catalog no. TCL006, Himedia, Mumbai, 

India) were purchased. The human embryonic kidney cell line (HEK-293) was obtained 

from the National Centre for Cell Science (NCCS), India. The HEK-293 cells were 

cultured in DMEM supplemented with 10% FBS, 100 µg/mL penicillin, and 100 µg/mL 

streptomycin in a humidified incubator at 37°C with 5% CO₂. 

5.2.2 Characterization of PLLCQD-Ct-DNA conjugate:  

Fluorescent measurements were performed with FP-8300 Spectrofluorometer. 

UV-Vis spectroscopy was carried out with Agilent Cary 60 UV–Vis 

spectrophotometer. Surface morphology analyses were carried out using FEI TECNAI 

G2-20 TWIN transmission electron microscopy.  

5.2.3 Measurement of quantum yield (QY):  

The QY is calculated using the slope of the line determined from the plot of the 

absorbance against the integrated fluorescence intensity as a comparative method. The 

QY can be calculated using the following equation 3.1 (refer chapter 3). 



Surface functionalized carbon quantum dots-nucleic acid for in-vitro bioimaging 
applications  

Chapter V                       Page 113  
 

5.2.4 Cell culture: 

The HEK-293 cells were cultured in DMEM supplemented with 10% FBS and 

100 µg/mL penicillin-streptomycin. The cells were maintained at 37ºC in a humidified 

incubator with 5% CO₂ to provide optimal conditions for growth and proliferation. FBS 

supplies essential growth factors, while penicillin-streptomycin prevents bacterial 

contamination during cell culture. The humidified atmosphere maintains proper 

moisture levels, supporting cellular health. 

5.2.5 Cell viability assay:  

 The MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] 

cytotoxicity assay was performed on HEK-293 cells. The HEK-293 cells were cultured 

on 8-well Nunc Lab-Tek Chambered cover glass in DMEM medium at a density of 4 × 

105 cells per well. The cells were allowed to adhere overnight before the medium was 

replaced with 200 µl of PLLCQDs and PLLCQD-Ct-DNA conjugate. After incubation 

for 48 hours, the absorbance of the samples was measured at 450 nm using a nanodrop 

microplate reader. The data obtained from the assays were expressed as the mean 

percentage ± standard error of measurement and were compared to the optical density 

values of untreated cells. The experiments were performed in triplicate [14]. 

5.2.6 In-vitro Ct-DNA uptake study:  

The DNA uptake by cells can be determined by calculating the binding 

constants and binding efficiency. Binding constants quantify the strength of the 

interaction between two molecules, such as a DNA-binding agent (i.e., PLLCQDs) and 

DNA. These constants are typically derived from spectroscopic or titration data by 

analyzing changes in measurable properties such as absorbance, fluorescence, or 

circular dichroism. A higher binding constant often indicates stronger interactions, 

which can enhance the ability of the binding agent to facilitate DNA uptake into cells. 

The absorption spectra of the PLLCQD-Ct-DNA conjugate were recorded at 

different time intervals. Ct-DNA internalization and the corresponding binding 

constants were calculated to study Ct-DNA uptake using a molar extinction coefficient 

of 66,000 M⁻¹ at A₂₆₀ nm, and the DNA concentration was determined. Aliquots of the 

DNA solution were internalized into the cells, and the corresponding absorption spectra 
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were recorded at various time intervals (0, 12, 24, and 48 hours). The intrinsic binding 

constant was calculated using equation 5.1 [15]. 

[DNA]

(εa−εb)
= 

[DNA]

(εb− εf)

 + 
1

Kb  (εb −εa )

       ……    (eq. 5.1)  

where, [DNA] = concentration of Ct-DNA, 

εa = Apparent molar extinction coefficient of the cells  

εb = the molar extinction coefficient of the cells + internalized Ct-DNA 

 εf = the molar extinction coefficient of the internalized Ct-DNA 

5.3 Results and Discussion:  

5.3.1 Transmission Electron Microscopy (TEM):  

Figure 5.1(a) illustrates the TEM of PLLCQD-Ct-DNA conjugate structure, 

while the particle size distribution histogram in Figure 5.1(b) indicates that PLLCQD-

Ct-DNA conjugates range in size from 7-8 nm.  

 

 

Figure 5.1: (a) TEM characterization and (b) particle size histogram of PLLCQD-Ct-

DNA conjugate. 

5.3.2 Cell viability assay:  

Figure 5.2 (a) illustrates the relationship between cell viability and the 

concentration of compounds (PLLCQD-Ct-DNA and PLLCQD) used in the study. It 

shows the viability of HEK-293 cells treated with PLLCQDs and the PLLCQD-Ct-

DNA conjugate. PLLCQD-treated cells exhibited notable cell viability compared to the 

control group. Cell viability is observed for 100–600 µg/mL concentration range. On 
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the other hand, the PLLCQD-Ct-DNA conjugate shows cell viability up to 

concentration of 600 µg/mL, as shown in Figure 5.2 (a). Based on these findings, a 

concentration of 600 µg/mL of PLLCQD-Ct-DNA conjugate has been selected for 

further experimentation. 

 

Figure 5.2: (a) Cytotoxicity of PLLCQD and PLLCQD-Ct-DNA conjugate, and (b) 

Percentage of viable cells after treated with PEI and Lipofectamine 2000 after 

transfection. The significance levels are indicated by asterisks: *p < 0.01 and **p < 

0.05. 

For comparison, other groups, including polyethyleneimine (25 kDa PEI) and 

Lipofectamine 2000, were also evaluated for cell viability after transfection with the 

same Ct-DNA concentration (Figure 5.2 b). A higher amine content enhances buffering 

capacity, facilitating DNA release from endosomes into the cytoplasm [16]. Notably, 

the study revealed that the PLLCQD-Ct-DNA conjugate successfully delivered genes 

to cells in both serum-free and serum-containing media. In contrast, Lipofectamine 

2000 demonstrated significantly reduced delivery efficiency in the presence of serum. 

This reduction was anticipated due to the formation of a protein corona on the surface 

of PLLCQDs, leading to receptor-mediated endocytosis of PLLCQD-Ct-DNA 

conjugate [17]. 

In this study, PEI-25 kDa was recognized as a highly effective gene transfection 

agent, albeit with cytotoxic effects. Conversely, PLL is known for its superior 

biocompatibility. The cytotoxicity of the PLLCQD-Ct-DNA conjugate was assessed 

using an MTT cell viability assay following transfection. The data in figure 5.2(b) 
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indicate that the PLLCQD-Ct-DNA conjugate exhibits significantly lower cytotoxicity 

compared to the control groups, highlighting its enhanced biocompatibility. 

Consequently, the study observes a marked downregulation of Lipofectamine 2000, 

likely due to its toxicity. 

A two-sample t-test was performed to compare the mean cell viability between 

the PLLCQD-Ct-DNA, PLLCQD treatment, and control groups. The results indicated 

a significant difference in cell viability between the groups (p < 0.05 and p < 0.01), 

suggesting that the treatment had a notable effect. 

5.3.3 Intracellular Ct-DNA uptake: 

The binding constants are related to DNA uptake by analyzing the absorption 

spectra over time. The intrinsic binding constant (Kb) provides valuable information 

about the affinity between PLLCQD and Ct-DNA, helping to quantify the efficiency of 

DNA uptake by the cells. 

The absorption spectra of the PLLCQD-Ct-DNA conjugate were measured at 

different time intervals: 0, 12, 24, and 48 hours and the results were analyzed. Using 

the molar extinction coefficient of Ct-DNA (66,000 M⁻¹ cm⁻¹ at A₂₆₀ nm), the 

concentration of Ct-DNA ([DNA]) in each sample was calculated at these time points. 

The apparent molar extinction coefficient of the cells (εₐ) was calculated at each 

time point using equation 5.1. Subsequently, the molar extinction coefficient of the cells 

with internalized Ct-DNA (εb) was determined for each time point. The known molar 

extinction coefficient of the internalized Ct-DNA (εf), was constant throughout the 

experiment. For each time interval, the values of [DNA]/(εₐ − εb) were calculated. 

Additionally, the values of [DNA]/(εb − εf) were determined for each time interval. 

These calculations were performed to facilitate plotting and analysis. 

Table 5.1 presents data related to the absorption spectra and the calculated 

values for the PLLCQD-Ct-DNA conjugate at different time intervals. The analysis of 

the absorption spectra over time for the PLLCQD-Ct-DNA conjugate demonstrates a 

linear relationship between the calculated values based on the provided equation. Table 

5.2 summarizes the calculated values of [DNA]/(εb − εf) and [DNA]/(εₐ − εb). 
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Table 5.1: Calculated values for PLLCQD-Ct-DNA conjugate at different time 

intervals. 

Time (h) [DNA] (M) εa M⁻¹ cm⁻¹ εb M⁻¹ cm⁻¹ εf M⁻¹ cm⁻¹ 

0 1.08×10-5 62000 64000 66000 

12 0.93×10-5 62200 64200 66000 

24 0.56×10-5 62400 64400 66000 

48 0.19×10-5 62600 64600 66000 

The required values for plotting were calculated for each time interval. First, the 

values of [DNA]/(εa−εb) were computed, followed by the calculation of [DNA]/(εb−εf). 

These calculations allowed for the creation of a plot where the X-axis represented 

[DNA]/(εb−εf) and the Y-axis represented [DNA]/(εa−εb). The data were then plotted to 

visualize the relationship between these parameters over the different time intervals 

(Figure 5.3). 

Table 5.2: Calculated values [DNA]/(εb−εf) and [DNA]/(εa−εb) for binding constant 

analysis. 

Time (h) [DNA]/(εb−εf)  [DNA]/(εa−εb) 

0 -5.4×10-9 -5.4×10-9 

12 -5.16×10-9 -4.6×10-9 

24 -3.5×10-9 -2.8×10-9 

48 -1.35×10-9 -9.5×10-10 

Figure 5.3: Time-dependent absorption spectra analysis of PLLCQD-Ct-DNA 

conjugate: Relationship between [DNA]/(εa−εb) and [DNA]/(εb - εf). 
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The interpretation of figure 5.3 and the corresponding calculations demonstrate 

that the binding constant can be accurately determined using the provided equation and 

data. The observed linear relationship confirms that the binding interactions between 

PLLCQD and Ct-DNA remain consistent over time, allowing for an efficient analysis 

of Ct-DNA uptake and binding properties. 

Cellular uptake assays are essential for quantifying the entry of labeled 

substances into cells or assessing the efficacy of unlabeled compounds in inhibiting this 

process. These assays provide crucial insights into the transport and internalization of 

compounds and are instrumental in evaluating the potential of test compounds. Labeled 

substances can include neurotransmitters, metabolites, drugs, or proteins. 

Absorption spectral analysis was performed to quantify the internalization of 

Ct-DNA into HEK-293 cells. The uptake of the PLLCQD-Ct-DNA conjugate into cells 

was observed through incremental absorption by the cells at a fixed Ct-DNA 

concentration. The internalization of Ct-DNA was verified by calculating the 

absorption ratio at A260/A280 nm (Figure 5.4 a). 

Figure 5.4 (a) presents the fluorescence intensity for three different samples: 

PLLCQD-Ct-DNA (blue), PEI-Ct-DNA (orange), and Lipofectamine-Ct-DNA (green). 

Fluorescence intensity was measured at three different time intervals: 12, 24, and 48 

hours. Relative fluorescence spectral analysis indicates that the CQD-Ct-DNA 

conjugate exhibited greater uptake efficiency than PEI and Lipofectamine. After 12 

hours, the fluorescence intensity increases compared to the positive controls, including 

PEI (25 kDa) and Lipofectamine 2000. The findings demonstrate that CQDs exhibits 

significantly greater uptake efficiency than standard transfection agents PEI-25K and 

Lipofectamine 2000. 

Figure 5.4 (b) illustrates the absorbance under two different conditions: 

PLLCQD-Ct-DNA concentration (green) and cell DNA concentration (purple). 

Absorbance was measured at three time intervals: 12, 24, and 48 hours. The results 

indicate that Ct-DNA was transfected into cells with an efficiency of up to 90%. This 

novel finding suggests that PLLCQDs can serve as an alternative to conventional 

transfection agents while maintaining biocompatibility. The remarkable transfection 

efficiency of PLLCQDs is likely attributed to their strong Ct-DNA condensation ability, 
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which protects them from enzymatic degradation during transfection. Additionally, 

their small size and positive surface charge contribute to their high transfection 

efficiency [17, 18]. 

 

Figure 5.4: Time dependent analysis of PLLCQD-Ct-DNA (a) Fluorescence intensity 

for PLLCQD-Ct-DNA, PEI-Ct-DNA, and Lipofectamine-Ct-DNA over 0, 12, 24, and 

48 hours, and (b) Absorbance of PLLCQD-Ct-DNA and Cell DNA concentration at the 

same intervals. The significance levels are indicated by asterisks: *p < 0.01 and **p < 

0.05. 

A series of ANOVA tests were conducted to assess DNA internalization 

efficiency in cells using fluorescence intensity and absorbance measurements across 

different methods and concentrations. For fluorescence intensity, results shows a 

significant difference between methods (PLLCQD-DNA, PEI-CQD-DNA, 

Lipofectamine-DNA) over time intervals (p < 0.05), indicating method-dependent 

variation in internalization efficiency. For absorbance, results indicates a significant 

difference between groups (CQD-Ct-DNA Concentration, Cell DNA Concentration) 

over time (p < 0.05), suggesting concentration-dependent differences. These findings 

underscore the critical roles of both method and concentration in optimizing DNA 

internalization, as reflected by significant variations in both fluorescence intensity and 

absorbance metrics.  

5.3.4 Intracellular bioimaging: 

The fluorescence enhancement of the PLLCQD-Ct-DNA conjugate is governed 

by the extent of complex formation and its subsequent dissociation within the 
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intracellular environment. To explore its potential applicability in intracellular 

trafficking, cellular imaging experiments were conducted using three types of 

conjugates: PLLCQD-Ct-DNA, PEI-Ct-DNA, and Lipofectamine-Ct-DNA, on HEK-

293 cells. The cellular uptake and localization of Ct-DNA were further analyzed using 

confocal microscopy. 

The study reveal that cells treated with the PLLCQD-Ct-DNA conjugate 

exhibits significantly stronger fluorescence signal and higher fluorescence efficiency 

compared to cells treated with PEI-Ct-DNA and Lipofectamine-Ct-DNA conjugates. 

Notably, the PLLCQD conjugates demonstrate minimal background interference, with 

negligible autofluorescence post-transfection into HEK-293 cells. This highlights the 

superiority of PLLCQDs in enhancing fluorescence signals while minimizing 

nonspecific noise, making them excellent candidates for bioimaging applications. 

Furthermore, the multicolor emission capability of the PLLCQD-Ct-DNA 

conjugate was demonstrated under various excitation conditions. Confocal imaging 

captured its fluorescence emission under bright-field illumination as well as laser 

excitations at 405 nm (blue), 473 nm (red), and 559 nm (green), as depicted in Figure 

5.5. These findings underscore the utility of PLLCQDs as a promising tool for precise 

and efficient intracellular trafficking and imaging applications. 
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Figure 5.5: Confocal fluorescence microscopy images illustrating the intracellular 

transport of Lipofectamine-Ct-DNA, PEI-Ct-DNA, and PLLCQD-Ct-DNA conjugates 

in HEK-293 cells after 48 hours of treatment with a 600 μg/mL concentration. The 

PLLCQD-Ct-DNA conjugate exhibited distinct fluorescence signals under various 

excitation conditions: (a) bright-field image merged with fluorescence, (b) blue 

fluorescence at 405 nm excitation, (c) green fluorescence at 488 nm excitation, and (d) 

red fluorescence at 552 nm excitation. 

5.4 Conclusions: 

 This chapter concludes the study on the internalization of the PLLCQD-Ct-

DNA conjugate into human endothelial kidney (HEK-293) cells. The binding constant 

was determined, demonstrating the relationship between the binding interactions of 
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PLLCQDs and Ct-DNA, allowing for an efficient analysis of DNA uptake and binding 

properties. 

The PLLCQD-Ct-DNA conjugate exhibited particle size of 7–8 nm. It also 

demonstrated good biocompatibility and showed potential functionality in HEK-293 

cells. The cell viability results indicated that the PLLCQD-Ct-DNA conjugate 

maintained 100% cell viability up to a concentration of 600 µg/mL. Intracellular 

imaging results further confirmed that the PLLCQD-Ct-DNA conjugate achieved 

higher cellular uptake compared to PEI and Lipofectamine in HEK-293 cells. Notably, 

up to 90% of Ct-DNA internalization was achieved in HEK-293 cells after 48 hours of 

incubation with the PLLCQD-Ct-DNA conjugate. 

Although the precise mechanism of CQD cellular uptake remains unclear, it is 

widely accepted that endocytosis is the primary route for CQD internalization in cells. 

In summary, the localization of the PLLCQD-Ct-DNA conjugate enables targeted 

intracellular delivery, making it a promising candidate for fluorescence imaging-based 

studies and diagnostic applications. 
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6.1 Summary: 

This thesis explores the synthesis, functionalization, and application of CQDs 

conjugated with nucleic acids for advanced bioimaging applications. CQDs, known for 

their excellent photostability, biocompatibility, and tunable optical properties, were 

surface-functionalized to enhance their interactions with nucleic acids, enabling precise 

control over their biofunctional properties. 

 Objectives of the study included: 

1. Synthesis of Functionalized CQDs:  

Stable and photoluminescent poly L lysine functionalized carbon quantum dots 

(PLLCQDs) were successfully synthesized, displaying blue fluorescence with a 

quantum yield of 19.35%. These PLLCQDs demonstrated stability for up to 128 

hours. Spectroscopic and microscopic characterizations confirmed the synthesis, 

revealing the formation of 2-3 nm sized PLLCQDs. 

2. PLLCQD-Nucleic Acid (Ct-DNA) Conjugation:  

The PLLCQD-Ct-DNA conjugate was successfully formed by optimizing 

conditions of 20 µg/ml Ct-DNA concentration, 30-minute time interval, and pH of 

8. This conjugate was formed through electrostatic interactions. Characterization 

was carried out using UV-Vis spectroscopy, fluorescence spectroscopy, and zeta 

potential measurements. The fluorescence intensity of the conjugate increased when 

compared to bare PLLCQDs and Ct-DNA. The stability range of the PLLCQD-Ct-

DNA conjugate was +8.27 mV. An increase in the size of the conjugate was 

observed compared to PLLCQDs. Furthermore, the electrophoretic mobility shift 

assay confirmed the electroneutrality of the PLLCQD-Ct-DNA conjugate. 

3. Bioimaging Applications:  

The performance of PLLCQD-Ct-DNA conjugates in bioimaging was 

thoroughly evaluated using HEK-293 cells. This evaluation involved assessing the 

ability of the PLLCQD-Ct-DNA conjugates to effectively enter the cells and exhibit 

fluorescence for imaging application. The binding interaction between the 

PLLCQDs and the Ct-DNA was carefully analyzed, with a particular focus on 
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determining the binding constant, which provided insights into the strength and 

stability of the conjugation. This was done by conducting absorbance experiments, 

where the fluorescence of the conjugates was measured before and after their 

interaction with Ct-DNA, and the results were used to calculate the binding 

constant. The strong binding affinity between the PLLCQDs and Ct-DNA, as 

indicated by the binding constant, suggested a stable and efficient conjugation, 

ensuring that the conjugates remained intact during cellular uptake. Fluorescent 

imaging was performed on HEK-293 cells, demonstrating the successful 

internalization of the PLLCQD-Ct-DNA conjugate and their potential as effective 

bioimaging tools. These findings confirmed the conjugates capacity for precise 

cellular localization and visualization, supporting their application in advanced 

bioimaging and diagnostics. 

6. Major conclusions: 

✓ Surface functionalized carbon quantum dots (PLLCQDs) with an average size of 

2-3 nm have been synthesized. 

✓ These PLLCQDs are fluorescent in nature. Upon exposure to UV light, CQDs 

glow blue colour fluorescence. 

✓ These PLLCQDs were conjugated to calf thymus DNA at 20 µg/ml Ct-DNA 

concentration, 30 min reaction time, and at 8 pH. 

✓ PLLCQD-Ct-DNA conjugate possesses good biocompatibility and exhibited a 

potential function in HEK-293 cells. 

✓ PLLCQD-Ct-DNA conjugate exhibited greater cellular uptake in HEK-293 cells 

compared to PEI and lipofectamine.  

✓ Up to 90 % of Ct-DNA internalization in HEK-293 cells was done at 48 hours of 

incubation with PLLCQD-Ct-DNA conjugate. 

✓ The PLLCQD-Ct-DNA conjugate was used for bioimaging of HEK-293 cells. 

6.3 Future scope of work: 

Future research faces an exciting challenge in further understanding the basic 

mechanisms and forces involved in PLLCQD-DNA conjugates. Gaining insights into 

these conjugates will be instrumental in creating diverse nano-biomaterial systems for 

advanced biomedical applications. The extra benefit of tenability that surface 
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functionalized CQD offer to CQD-DNA systems is something that can be further 

investigated in gene delivery applications. following are mentioned some of the future 

scope for this study. 

The potential of surface-functionalized CQD-nucleic acid conjugates extends 

beyond basic bioimaging, offering opportunities for advanced imaging techniques 

such as super-resolution microscopy and in vivo imaging, enabling higher resolution 

and deeper tissue penetration. These conjugates can also be explored for targeted drug 

delivery, where nucleic acids facilitate the precise delivery of therapeutic agents to 

cancer cells or other diseased tissues, enhancing treatment efficacy while minimizing 

side effects. Comprehensive biocompatibility and toxicity studies are crucial to 

ensuring their safety for clinical applications, providing essential data for regulatory 

approvals. Additionally, multiplexed imaging platforms can be developed to 

simultaneously detect multiple targets using different nucleic acid sequences 

conjugated to CQDs, offering more comprehensive diagnostic capabilities. The 

integration of these conjugates into theranostic applications, which combine 

therapeutic and diagnostic functions in a single platform, can revolutionize 

personalized medicine by enabling real-time monitoring of treatment responses. 

Efforts toward commercialization and clinical trials are essential to translating these 

innovations into practical medical diagnostics and treatment tools, ultimately 

benefiting healthcare. Furthermore, research can be extended to explore their potential 

in environmental and industrial applications, where CQD-nucleic acid conjugates 

could be utilized for pollutant detection or chemical process monitoring, 

demonstrating their versatility beyond biomedical applications. 
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Recommendations 

7.1 Recommendations 

In this presented research work, PLLCQDs are synthesized by one-pot pyrolysis 

method. The synthesized PLLCQDs have a surface positive charge due to cationic 

polymer poly L lysine. Interaction of PLL to CQDs enhances electrostatic interaction 

between the cell membrane and positively charged ions of attachment factors. Excellent 

intrinsic properties of PLL-based polymers include biodegradability, biocompatibility, 

and the capacity to change configuration in response to stimuli. A flexible base for the 

synthesis of copolymers and complexes with a variety of uses is provided by the side 

amine groups on PLL, which are also readily changed with a broad range of bioactive 

compounds. Therefore, more cationic polymers can be explored as surface modifier of 

CQD for nucleic acid conjugation. 

The cationic PLLCQDs are conjugated with calf thymus DNA through electrostatic 

interactions. The PLLCQD-Ct-DNA conjugate was confirmed using UV-Vis, 

fluorescence spectroscopy, zeta, TEM, and electrophoretic mobility shift assay. The 

calf thymus DNA is incubated with PLLCQDs at room temperature, at pH 9 for 30 min, 

and 20 µg/ml Ct-DNA concentration required to form a PLLCQD-Ct-DNA conjugate. 

The PLLCQD-Ct-DNA conjugate is used for cell cytotoxicity and intracellular imaging 

in HEK-293 cells. The PLLCQD-Ct-DNA conjugate shows good biocompatibility and 

exhibit potential applicability in cellular imaging in HEK-293 cells. Potential of 

PLLCQD-Ct-DNA conjugate can be explored for targeted intracellular imaging. 

The present research work deals with the synthesis of surface functionalized 

PLLCQDs by simple, single step or one pot synthesis method using PLL as cationic 

polymer. To produce nano-sized, cationic PLLCQDs, a variety of synthesis parameters, 

including temperature, PLL concentration, pH, and reaction duration were optimized. 

By fine-tuning variables including reaction time, DNA concentration, and pH, the 

conjugation of DNA on PLLCQDs was accomplished.  

To demonstrate its potential applicability in the intracellular trafficking 

exploiting cellular imaging was conducted by using PLLCQD, PLLCQD-Ct-DNA 

conjugate with HEK-293 cells. The role of PLLCQDs was further determined on 

cellular uptake by confocal microscopy. Intracellular uptake and monitoring of 

fluorescence at different time interval intracellular imaging results demonstrate that 
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PLLCQD-Ct-DNA conjugate had a higher cellular uptake and no autofluorescence as 

compare to PEI and lipofectamine in HEK-293 cells. The PLLCQD is cost cost-

effective, easy, and less time-consuming synthesis procedure that can be a replacement 

of contrast agents/ organic dyes i. e Alexa Fluor, fluorescein, coumarin, cyanine, or 

rhodamine. The PLLCQDs can be used as transfection agents by attaching respective 

gene sequences for the transport of therapeutic genes into specific cells for applications 

like gene delivery, and cancer. The detail in vitro and in vivo studies can be carried out 

for finding out more insights on use of PLLCQD as bioimaging agent. However, further 

research is needed to explore strategies for enhancing their quantum yield. 

In conclusion, the PLLCQD-DNA conjugates were found to be easy to prepare, 

exhibiting promising fluorescence characteristics while maintaining excellent 

biocompatibility. These conjugates demonstrated significant potential for applications 

in in vivo bioimaging, where their biocompatibility and fluorescence properties could 

enable precise cellular and tissue-level imaging. Furthermore, the PLLCQD effectively 

interact with nucleic acids and hence, can be used as bioimaging agent in targeted gene 

delivery applications. 
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excitation-dependent/independent emission characteristics, 
surface defects facilitating interaction with other molecules, 
and surface passivation. Carbon-based nanomaterials are 
synthesized using various methods, including top-down 
approaches such as laser ablation and chemical vapor depo-
sition, as well as bottom-up methods like hydrothermal 
and solvothermal techniques. These methods utilize a wide 
range of chemical precursors and environmentally friendly 
resources for synthesis [5, 6].

CQDs are particularly valuable for optical imaging 
because of their exceptional resolution, unique biocompat-
ibility, and long-term detection [7–9]. Optical imaging is a 
common technique for examining complicated structures in 
living things. It is anticipated that positively charged CQDs 
will interact strongly with negatively charged nucleic acids 
through electrostatic interactions because of their phosphate 
backbone [10]. Using spectroscopic techniques, Kathiravan 
[9] and his colleague reported the photoinduced interac-
tion between colloidal TiO2 nanoparticles and calf thymus 
DNA and investigated the binding sites and constant. The 
interaction of CQDs with single-stranded DNA (ssDNA) 
and double-stranded DNA (dsDNA) has received sufficient 
attention recently. Research has demonstrated that these 

ORCID ID: 0000-0002-2692-0011.

Introduction

Carbon-based nanomaterials have emerged as novel mate-
rials with diverse applications, including bioimaging, bio-
sensing, drug delivery, and antimicrobial fields [1–4]. These 
materials exhibit unique properties including straight-
forward and cost-effective synthesis, high water solubil-
ity, biocompatibility, high fluorescence quantum yield, 
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Abstract
Carbon quantum dots (CQDs) demonstrate outstanding biocompatibility and optical properties, making them ideal for 
monitoring cellular uptake. Due to their ultra-small size (typically < 10 nm) and fluorescent nature, CQDs hold significant 
potential as nanoparticles for bioimaging and tracking intracellular processes. The study examined the optimization param-
eters for conjugating calf thymus DNA (Ct-DNA) to CQDs to facilitate Ct-DNA internalization in mouse fibroblast cells 
(L929) and human breast cancer cells (MCF-7). The formation of the CQD-Ct-DNA complex was confirmed by various 
characterization techniques such as, UV-Vis spectroscopy, fluorescence spectroscopy, transmission electron microscopy, 
and zeta potential analysis. The CQD-Ct-DNA complex, at a 600 µg/mL concentration, demonstrated up to 83.7% cell 
viability for the L929 cell line and 75.6% for the MCF7 cell lines. The research also compared the transfection ability of 
CQD with commonly used transfection agents lipofectamine and Polyethyleneimine (PEI) for Ct-DNA internalization. The 
results demonstrated that CQD could efficiently internalize Ct-DNA compared to the other agents. Thus, the CQD-Ct-DNA 
complex shows promising potential in bioimaging applications as an effective non-viral vector.

Keywords  Bioimaging · Carbon quantum dots · Cellular uptake · Ct-DNA
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